
Lecture Notes in Civil Engineering

Arvind Kumar Agnihotri
Krishna R. Reddy
H. S. Chore   Editors

Proceedings of Indian 
Geotechnical and 
Geoenvironmental 
Engineering 
Conference 
(IGGEC) 2021, Vol. 2



Lecture Notes in Civil Engineering 

Volume 281 

Series Editors 

Marco di Prisco, Politecnico di Milano, Milano, Italy 

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering, 
Wuhan University, Wuhan, China 

Ioannis Vayas, Institute of Steel Structures, National Technical University of 
Athens, Athens, Greece 

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup, 
WA, Australia 

Anuj Sharma, Iowa State University, Ames, IA, USA 

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science 
Bangalore, Bengaluru, Karnataka, India 

Chien Ming Wang, School of Civil Engineering, The University of Queensland, 
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in 
Civil Engineering—quickly, informally and in top quality. Though original 
research reported in proceedings and post-proceedings represents the core of 
LNCE, edited volumes of exceptionally high quality and interest may also be 
considered for publication. Volumes published in LNCE embrace all aspects and 
subfields of, as well as new challenges in, Civil Engineering. Topics in the series 
include:

• Construction and Structural Mechanics
• Building Materials
• Concrete, Steel and Timber Structures
• Geotechnical Engineering
• Earthquake Engineering
• Coastal Engineering
• Ocean and Offshore Engineering; Ships and Floating Structures
• Hydraulics, Hydrology and Water Resources Engineering
• Environmental Engineering and Sustainability
• Structural Health and Monitoring
• Surveying and Geographical Information Systems
• Indoor Environments
• Transportation and Traffic
• Risk Analysis
• Safety and Security 

To submit a proposal or request further information, please contact the appropriate 
Springer Editor: 

– Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas); 
– Swati Meherishi at swati.meherishi@springer.com (Asia—except China, 

Australia, and New Zealand); 
– Wayne Hu at wayne.hu@springer.com (China). 

All books in the series now indexed by Scopus and EI Compendex database!

mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:wayne.hu@springer.com


Arvind Kumar Agnihotri · Krishna R. Reddy · 
H. S. Chore 
Editors 

Proceedings of Indian 
Geotechnical 
and Geoenvironmental 
Engineering Conference 
(IGGEC) 2021, Vol. 2



Editors 
Arvind Kumar Agnihotri 
Department of Civil Engineering 
Dr. B. R. Ambedkar National Institute 
of Technology 
Jalandhar, Punjab, India 

H. S. Chore 
Department of Civil Engineering 
Dr. B. R. Ambedkar National Institute 
of Technology 
Jalandhar, Punjab, India 

Krishna R. Reddy 
Department of Civil, Materials 
and Environmental Engineering 
University of Illinois at Chicago 
Chicago, IL, USA 

ISSN 2366-2557 ISSN 2366-2565 (electronic) 
Lecture Notes in Civil Engineering 
ISBN 978-981-19-4730-8 ISBN 978-981-19-4731-5 (eBook) 
https://doi.org/10.1007/978-981-19-4731-5 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Singapore Pte Ltd. 2023 
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore

https://doi.org/10.1007/978-981-19-4731-5


Organizing Committee 

Patron 

Prof. R. K. Garg (Director) 

Chairman 

Prof. Arvind Kumar Agnihotri 

Co-chairman and Principal Organizing Secretary 

Dr. H. S. Chore  

Convener 

Dr. Davinder Singh 

Organizing Secretary 

Dr. Mrs. Rupali S.

v



vi Organizing Committee

Joint Organizing Secretaries 

Dr. K. Senthil 
Dr. Kanish Kapoor 

Advisory Committee 

Prof. N. K. Samadhiya (President, IGS), IIT Roorkee 
Prof. G. L. Sivakumar Babu (Immediate Past President, IGS), IISc Bangalore 
Prof. J. T. Shahu (Honorary Secretary, IGS), IIT Delhi 
Prof. Krishna R. Reddy, University of Illinois, Chicago (USA) 
Prof. D. M. Dewaikar (Retd. Emeritus Fellow), IIT Bombay 
Prof. J. N. Mandal (Retd. Emeritus Fellow), IIT Bombay 
Prof. A. P. Singh, NIT Jalandhar 
Prof. S. P. Singh, NIT Jalandhar 
Prof. Raman Parti, NIT Hamirpur 
Prof. S. K. Tiwari, MNIT Jaipur 
Prof. B. V. S. Visvanadham, IIT Bombay 
Prof. R. K. Ingle, VNIT Nagpur 
Prof. G. R. Dodagoudar, IIT Madras 
Prof. G. Madhavi Latha, IISc Bangalore 
Dr. Sanjay Kumar Shukla, Edith Cowan University, Perth, Australia 
Dr. Prabir K. Kolay, Southern Illinois University, Carbondale (USA) 
Prof. Deepankar Choudhary, IIT Bombay 
Prof. K. G. Guptha, GCE, Farmagudi, Goa 
Prof. Vasant Matsagar, IIT Delhi 
Dr. Sanjay Nimbalkar, University of Technology, Sydney, Australia 
Dr. S. K. Mukherjee, Retd. Secretary, PWD, Maharashtra 
Dr. I. K. Pateriya, NRRDA, New Delhi 
Dr. S. K. Ukarande, KJSIEIT, Mumbai (University of Mumbai) 
Dr. Sunil Basarkar, AFCONS, Mumbai 
Dr. C. R. Parthasarthy, Sarathy Geotech, Bangalore 
Dr. V. B. Ashtankar, MCGM, Mumbai 

Technical Committee 

Prof. R. K. Sharma, NIT Hamirpur 
Prof. Vishwas A. Sawant, IIT Roorkee 
Prof. C. H. Solanki, SVNIT, Surat 
Prof. P. T. Ravichandran, SRMIST, Kattankulathur



Organizing Committee vii

Dr. Kousik Deb, IIT Khargpur 
Dr. Mrs. Sunita Kumari, NIT Patna 
Dr. Nilima Satyam, IIT Indore 
Dr. M. D. Goel, VNIT Nagpur 
Dr. Sreevalsa Kolathayar, NITK Surathkal 
Dr. G. Kalyan Kumar, NIT Warangal 
Dr. Sharbony Adhikary, VNIT Nagpur 
Dr. Purnachandra Savoikar, GCE, Farmagudi, Goa 
Dr. V. B. Deshmukh, VJTI Mumbai 
Dr. Mrs. Smita Patil, DMCE, New Mumbai (University of Mumbai) 
Dr. R. B. Magar, AIKTC, Panvel (University of Mumbai) 
Dr. Rajiv Chauhan, IKGPTU, Kapurthala 
Prof. Amit Srivastava, LPU, Phagwara 
Dr. Sanjeev Naval, DAVIET, Jalandhar 
Dr. Sudhir Arora, DAV University, Jalandhar 
Dr. Rajiv Bhatiya, MCP Jalandhar 
Mr. K. K. Kanji, K. K. Spun Pvt. Ltd., Delhi 
Mr. S. K. Gupta, Mega Metro Pvt. Ltd., Delhi 
Mrs. Minimol Korulla, MACCAFERRI ENVIROME. Sol. Pvt. Ltd., Gurugram 
Dr. Dulal Chandra Saha, Infrastructure Design Consult. Pvt. Ltd., Mumbai 
Mr. Hemant Gor, Petrofac International Ltd., Sharjah (UAE)



Preface 

Indian Geotechnical Society’s Jalandhar Chapter was established in February 2020. 
After inception, the chapter conducted few workshops, seminars and expert lectures. 
As a major initiative in furthering the activities of the chapter, it in association with 
the Department of Civil Engineering of Dr. B. R. Ambedkar National Institute of 
Technology Jalandhar recently organized “First Indian Geotechnical and Geoen-
vironmental Engineering Conference-2021 (IGGEC-21021)”. The conference was 
organized from 19 to 20 November 2021. 

The conference aimed at bringing together leading academicians, scientists, 
researchers, field professionals including research scholars to exchange and share 
their ideas, experiences and research inputs pertaining to all aspects of geotechnical 
and geoenvironmental engineering, waste management and sustainable engineering. 
It also aimed at providing the premier interdisciplinary forum for researchers, practi-
tioners and educators to present and discuss the most recent innovations, trends and 
concerns, practical challenges encountered and the solutions adopted in this field. 

The papers received for the conference and selected after thorough review are 
grouped together under the following six themes. 

The papers on the following themes have been called and received:

• Theme 1: Behaviour of Geomaterials and Geotechnical Investigation
• Theme 2: Soil–Structure Interaction, Earthquake Engineering and Computational 

Geo-mechanics
• Theme 3: Ground Improvement and Transportation Geotechnics
• Theme 4: Environmental Geotechnology
• Theme 5: Recycled Waste Materials
• Theme 6: Sustainable Infrastructure Engineering and Others

ix



x Preface

Apart from the keynote lecture, total 96 papers covering the wide spectrum of the 
geotechnical engineering and the allied fields contributed by the authors are included 
in the proceedings. 

Jalandhar, India 
Chicago, USA 
Jalandhar, India 

Arvind Kumar Agnihotri 
Krishna R. Reddy 

H. S. Chore



About the Institute 

Dr. B. R. Ambedkar National Institute of Technology was established in the year 1987 
as Regional Engineering College and was accorded the status of National Institute 
of Technology (Deemed to be the University) by the Government of India on 17 
October 2002 under the aegis of Ministry of Education (Shiksha Mantralaya), New 
Delhi. The institute has been declared as the “Institute of National Importance” by 
the Government of India vide act of parliament 2007. A large number of reputed 
industrial houses in the country visited the institution and selected the final year 
students as engineers/management trainees. As one of the National Institutes of 
Technologies (NIT), the institute has the responsibility of providing high-quality 
education in engineering, technology and sciences to produce competent technical 
and scientific manpower for the country. The institute offers B.Tech., M.Tech., M.Sc., 
MBA and Ph.D. programmes in the several disciplines of engineering, technology 
and sciences.
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About the Department 

The Department of Civil Engineering offers B.Tech. in the discipline of civil engi-
neering ever since its inception in the year 1989. The department has been offering 
M.Tech. programme in the field of structural and construction engineering since 2004 
and in geotechnical and geoenvironmental engineering from academic session 2019– 
20. In addition to this, fulltime doctoral programmes in different specializations were 
started in the year 2006. The department has established state-of-the-art laborato-
ries with sophisticated equipment for undergraduate and postgraduate courses and 
the research work leading to the doctoral degree. The department has got the well-
qualified faculty members having specialized in various fields and diverse spectrums 
of civil engineering. The board of faculty members of the Department of Civil Engi-
neering comprises the combination of senior faculty members with rich experience 
in the field of teaching and research and the young faculty members infused with 
enthusiasm. The department has been providing the consultancy and testing services 
to the various government and private agencies. The department is instrumental in 
organizing the Continuing Education Programmes in the form of short-term courses, 
faculty development programmes, seminars and workshops. In addition to this, the 
department has played the pivotal role in the organization of the international confer-
ences such as EGRWSE and UKIERI Concrete Congress. The faculty members have 
been publishing the research papers in peer-reviewed journals having been indexed 
in prominent databases such as Web of Science (SCI/SCIE/ESCI) and SCOPUS. 
Besides, the faculty members keep on filing intellectual property rights; few IPRs 
have been granted recently.
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About IGS Jalandhar Chapter 

The Indian Geotechnical Society (IGS) was established in the year 1948 with the 
purpose of advancement and dissemination of knowledge in different fields of 
geotechnical engineering. IGS Jalandhar was established recently, i.e. in February 
2020, under the flagship of IGS, New Delhi. The chapter was inaugurated by Prof. G. 
L. S. Siva Kumar Babu, erstwhile President of Indian Geotechnical Society, and Prof. 
N. K. Samadhiya (current President of Indian Geotechnical Society). Prof. Arvind 
Kumar Agnihotri, founder Chairman, and Dr. H. S. Chore, founder Secretary, along 
with their executive committee members have put in their best efforts to establish 
the chapter as the medium for disseminating knowledge in the field of geotechnical 
engineering and allied fields through workshops, seminars, short-term courses by 
inviting the eminent personalities in the field from country as well as from abroad. 
The group of the academicians led by Prof. Arvind Kumar Agnihotri in association 
with Prof. Krishna R. Reddy of the University of Illinois, Chicago (USA), was instru-
mental in initiating the Environmental Geotechnology Recycled Waste Materials and 
Sustainable Engineering (EGRWSE).
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Performance of Geosynthetic Encased 
Stone Columns in Sandwiched Solid 
Waste Layer at Saturation Condition 

J. Sudheer Kumar 

1 Introduction 

In India, hundreds of sq.m area solid waste dumps occupied the land with height 
varying from 3 m to several meters. They create environmental problem and land 
scarcity in every Indian city. It has very less amount of bearing capacity and higher 
settlement. And it also offers very less amount of lateral support. To make use of 
these sites for small-scale construction, one should modify the engineering proper-
ties. The granular columns are very extensively accepting to strengthen the weak soil 
deposits to improve the load-carrying capacity and reduce the settlement. With the 
advancement of the installation techniques, these granular columns are an alternative 
improvement technique for low rise structures in highly soft soils. Stone columns 
(SC) are promising techniques to improve the loose and soft ground at its deeper 
depths. The load-carrying capacity of the granular columns depends on the amount 
of lateral support offered by the surrounding soil. Moayed and Zade [1] studies 
conducted on plaxis 3D are used to determine the load-carrying capacity of dry 
conventional piles without binder in cohesionless soils. The result gives the infer-
ence that, by changing the axial load and size of stone pile, significant shear resis-
tance increases. (Ng [2]) 2D numerical analysis and the presented results showed 
that a bulging and punching combination increases the chances of failure for the 
conventional stone pile. Load-carrying capacity was affected by the friction angle 
of column aggregates and shear resistance of the circumferential soil. (Muzammil 
et al. [3]) Oil storage tank is designed with circular mat foundation supported with

J. S. Kumar (B) 
Department of Civil Engineering, DAV Institute of Engineering and Technology, Jalandhar, 
Punjab, India 
e-mail: sudheeriitd@gmail.com; sudhir.jala@davietjal.org 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
A. K. Agnihotri et al. (eds.), Proceedings of Indian Geotechnical and Geoenvironmental 
Engineering Conference (IGGEC) 2021, Vol. 2, Lecture Notes in Civil Engineering 281, 
https://doi.org/10.1007/978-981-19-4731-5_1 

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4731-5_1\&domain=pdf
mailto:sudheeriitd@gmail.com
mailto:sudhir.jala@davietjal.org
https://doi.org/10.1007/978-981-19-4731-5_1


4 J. S. Kumar

the 1000 to 10,000 kN/m strength of geogrid encased stone pile, and the consid-
erable improvement was noticed in terms of the settlement reduction and lateral 
deformations. 

The granular columns support embankments in compressible soils, the perfor-
mance of dry stone pile was excellent in reducing settlement, and the use of geotex-
tile encasement to the ordinary column has significantly enhanced the strength of 
dry stone pile in compressible soil [4]. The behavior of a encased dry stone pile in a 
compressible soil affected the stiffness of geotextile (300 to 10000 kN/m), stiffness 
and angle of shearing resistance aggregates in pile φ is 35°, 40° and 45°, the size of 
the pile is varied as 0.5, 0.8, 1.0, 1.2 and 1.5 m of diameter, and stiffness was improved 
[5]. Dry aggregate columns are highly effective and accelerate the consolidation rate 
by reducing the drainage path distance [6, 7]. 

The significant enhancement of the strength was found from experimental studies 
conducted on various stone columns with and without encasement [8]. The dry 
stone column is used in layered soils where the top layer was found to be weak in 
undrained strength, and hence, it needs encased stone columns to reduce the excessive 
bulging and to improve its load-carrying capacity [9]. Hence keeping the research 
gaps in mind, the author attempted the current study to understand the behavior of 
the ordinary and encased stone columns in multilayered soil system where peat is 
sandwiched between the sand and compressible clay soils. 

2 Material Properties and Numerical Modeling 

To perform the three-dimensional numerical model analyses in the Plaxis program, 
three layers of various thicknesses are considered [10]. Layer one is sand blanket of 
1 m thickness, the second layer is peat of thickness is 1.5 m, and the third layer is 
clay soil of 2 m thickness (as shown in Fig. 1a). The Plaxis is allowed to select the 
model criterion based on the material property. In the present study, peat and soft 
clay are modeled using the soft soil model, whereas the sand and granular material 
used the Mohr–Coulomb constitutive model. The encased material stiffness tensile 
strength is modeled as linear and perfectly plastic. The material properties are listed 
in Table 1.

The numerical domain zone of the model was fixed based on the trial calcula-
tions. The boundaries of the soil model were fixed in x, y and z directions till the 
dispalcements and stresses are negligible effect due to the boundary conditions. The 
prescribed displacement is fixed in z-direction (uz = 0.01 m), and the displacement 
in x and y directions is free (ux = uz = free). Top surface is free, and bottom is fully 
fixed (ux = uy = uz = 0). The soil represents a continuum, which was discretized by 
using 15-noded wedge elements [11]. Soil discretized with elements of a six-nodded 
triangle and stone column comprised 10-nodded tetrahedral elements with rotational 
degrees of freedom at each node with an average element mesh size of 0.3. 

The permeability (K, m/day) is the input parameter and it required for doing the 
consolidation anaysis. K values of peat, soft clay, sand and stone column fill material



Performance of Geosynthetic Encased Stone Columns in Sandwiched … 5

(a) Unreinforced (b) Ordinary stone column 

(c ) Vertical deformation   (d) Geosynthetic encased stone column 

Fig. 1 3D modeling of the weak soil deposit sandwiched between the sand and soft clay 

Table 1 Layers of soil properties 

Material 
properties 

Peat Soft clay Sand Granular column 

Model Soft soil (SS) Soft soil (SS) Mohr–Coulomb 
(MC) 

Mohr–Coulomb 
(MC) 

γ unsat 8 15 17 18 

γ sat 12 18 20 20 

C’ (kN/m2) 2 1 0 1 

F’ 23 25 31 45

Ψ ’ 0 0 3 15 

Permeability K 
(m/day) 

0.1 0.0475 6 7
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is presented in the Table 1. The geometry of the model, boundary conditions, mesh 
generation, ordinary stone column and encased columns are shown in Fig. 1. Further 
compression load applied the vertical deformation zone is also observed in Fig. 1c. 

3 Results and Discussion 

3.1 Load-Carrying Capacity 

The results are presented in terms of applied pressure–settlement relation. The peat 
soil sandwiched between the sand and clay result analysis is carried in three different 
cases. The first is unreinforced ground, the second is the multilayer system reinforced 
with the ordinary stone column and encased with the geotextile, and the third case is 
while increasing the vertical stiffness of the geotextile. The load settlement curves 
are presented in Fig. 2. It is evident that the unreinforced soil beds show very less 
resistance against applied stress at low settlement values; thereafter, it continuously 
sinks into the ground. 

The composite soil layers are reinforced with the conventional stone column and 
GESC, and it is evident that a significant amount of stress is carried at 10 mm 
settlement (as shown in Fig. 2). The amount of load carried by the composite bed 
reinforced with OSC and GESC’s are 90 kPa and 100 kPa at 10 mm settlement. Peat 
soil bulges excessively in the radial direction due to the inadequate lateral support 
that is less amount of undrained shear strength. These peat soil/decomposed solid 
wastes are prone to have high total and differential settlement because of the higher 
void ratio, organic content and high water-retaining capacity. 

From Fig. 3, the radial displacement was measured along with the vertical depth of 
the proposed dry granular pile. The following change was noticed and calculated the

Fig. 2 Applied 
stress–settlement 
performance of the 
unreinforced bed and 
reinforced with the OSC and 
GESC 
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applied pressure of 100 kPa, and the radial displacement was reduced considerably 
and, that is, occurs in the top portion granular pile. In the case of regular conven-
tional column, radial displacement is 18.21 mm, whereas in encased stone column, 
it is 3.36 mm that is almost more than five times lesser. It may be due to the peat 
soil deposits which show very less surrounding support to the regular conventional 
column, subsequently squeezing of the aggregates, the integrity of the aggregates in 
the column distressed therefore lateral failure, and thereby decreasing the ultimate 
bearing capacity. This problem can be fixed with the various tensile stiffness of the 
encased materials by encasing the stone column aggregates. 

The axial deformation and radial displacement of the granular column decreased 
very effectively because of laterally confined geogrids as presented in Fig. 4. The  
amount of benefit calculated was up to 65% in terms of axial deformation, and also 
deformation in the lateral direction up to 70% reduction occurs. 
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Fig. 3 Effect of geotextile encasement to the column on lateral deformation 
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Consolidation studies 
The embankment is constructed without and with the support of stone columns and 
measured the consolidation effect through the three-dimensional Plaxis program 
(shown in Fig. 5). In the first stage of loading, the excess pore pressure increases 
linearly up to a value of 20 kN/m2. During the consolidation time, the excess pore 
water pressure dissipates considerably in 35 days. During the second stage of loading, 
the excess pore pressure gets generated and reaches linearly to a value of 27 kN/m2. 
The excess pore pressure dissipates in 30 days and taking the total time of 75 days 
for both stages as results are presented in Fig. 6. 

The provision of OSC column in the multi-soil layers offers the drainage path 
for the pore water to dissipate. In the first stage of loading, the excess pore pressure 
increases linearly up to a value of 6.5 kN/m2. During the consolidation time, the 
excess pore water pressure dissipates in 17 days. During the second stage of loading, 
the excess pore pressure is generated and reaches linearly to a value of 9 kN/m2.

Fig. 5 Schematic sketch of the embankment resting the multilayered soil 
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The excess pore pressure dissipates in 19 days by total time of 34 days for both 
stages (as shown in Fig. 6). A similar trend is followed in the case of GESCs. In the 
first stage of loading, the excess pore pressure increases linearly up to a value of 5.6 
kN/m2. During the consolidation time, the excess pore water pressure dissipates in 
16 days. During the second stage of loading, the excess pore pressure gets generated 
and reaches linearly to a value of 8 kN/m2. The excess pore pressure dissipates in 14 
days taking the total time of 30 days for both stages as shown in Fig.6. 

4 Conclusions 

The load-carrying capacity of the multilayer soil system with a peat/solid waste 
of thickness equal to one diameter of column (d) has very low. It may be due to 
high void ratio, decomposed organic matter, high retention of the water, and high 
compressibility. The multilayer system contains the weak deposit modified with 
ordinary stone column, and geosynthetic encased columns yield satisfactory results 
in terms of bearing capacity and reduction in settlement significantly. From the 
consolidation studies it is evident that the excess pore water pressure generates with 
the application of the vertical pressure on composite soil. In the present study, before 
the treatment of composite layers, the excess pore water pressure is 27 kN/m2 at the 
applied pressure of 100 kPa, and it reduces to 9 kN/m2, 8 kN/m2 and 10 kN/m2 when 
using ordinary stone column and geotextile encased stone column. 
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A Narrative Review on Emerging 
Nanobioremediation Toward Enhanced 
Environmental Sustainability 

Shaid Yousuf and Arvind Kumar Agnihotri 

1 Introduction 

The swift advancement in science and technology sows the seeds of various environ-
mental issues like soil and water pollution. Environmental issues have always been 
prominent in sustainable development and have become a serious matter of concern 
in the current times. Environmental sustainability is defined as a responsible interac-
tion with the environment to elude reduction or degradation of natural resources and 
permit for long-lasting environmental quality. On the other hand, world understand 
sustainability as long-term development which results in environmental deterioration. 
The increasing rate of industrial development, urbanization and modernization has 
brought down unmanageable pollution burden on the environment [1]. With rapid 
modernization and development, achieving environmental sustainability is one of 
the major challenges of current times worldwide. Industries may be the fundamental 
drivers of the global economy, but are also the crucial soil and water polluters due to 
release of partially treated or untreated toxic and perilous wastes to the environment. 
Nowadays, it is widely accepted that contamination of soil and water is an imminent 
threat for the wellness of mankind [2]. 

Anthropogenic sources continue to release harmful substances into the envi-
ronment all over the world, and this activity has grown in recent years due to 
increasing industrialization and industrialization. Anthropogenic activities discharge 
toxic compounds into rivers, and the accumulation of these dangerous chemicals in 
sediments enters the food web as bottom residues, affecting aquatic biota directly or
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indirectly (Wu et al., n.d.). The toxic contaminants are rising at a worrying rate in 
our surroundings, deteriorating the environment’s quality, disrupting the ecosystem 
and having negative impacts on human health [3]. Heavy metals are essentially cate-
gorized as toxic soil pollutants, (i) in comparison with natural cycles, their rates 
of creation via man-made cycles are faster, (ii) metal concentrations in discarded 
items are considerably high as compared in receptor, (iii) they are easily transferable 
from one environmental location to another where direct or indirect contact is easily 
possible, and (iv) they can be swapped out for different species and become more 
bioavailable or poisonous, wreaking havoc on the environment and human health 
[4]. 

Among all the available remediation techniques, bioremediation is reflected to be 
an alternative technique for the reduction of pollutants [5]. Microbial assisted treat-
ment methods are receiving attention as a green and long-term solution to contami-
nated areas [6]. Researchers have established and demonstrated various bioremedi-
ation methods; however, due to nature and/or type of pollutant, there is not a single 
bioremediation technique that serves as a ‘silver bullet’ to restore contaminated sites. 
The advantages of bioremediation such as its cost effectiveness, high competence, 
minimal generation of chemical and biological toxic waste, selectivity to specific 
metals, negligible requirements of adjunct nutrients, bio-sorbent regeneration and 
the possibility of metal recovery give it an edge over traditional remedial measures 
[7]. Despite its numerous benefits, this restorative approach is not advised for areas 
contaminated with high levels of hazardous chemicals such as heavy metals and salts, 
which are detrimental to microorganisms. Depending on specific site characteris-
tics, some pollutants may not be transformed to nontoxic by-products rather result 
in more toxic and/or movable than source compounds like recalcitrant pollutants 
which are non-biodegradable in nature [8]. Furthermore, bioremediation is typically 
long-winded and treatment conditions (pH and temperature) must be favorable to 
microbes [9]. Therefore, the remediation of such contaminants by means of prevailing 
treatment methods is not very effective for environmental sustainability. Innovative 
research on the hazardous effects of metals, as well as new treatment methods for 
their remediation, is needed in order to achieve sustaining results using method-
ologies that employ innocuous reagents which are economical. The current study 
focuses on green synthesis of nanoparticles and why traditional remedial measures 
such as bioremediation and nano-remediation should be replaced by integrated and 
sustainable technology of nanobioremediation which upholds the above-discussed 
advantages for attaining greater environmental sustainability, as indicated by this 
current study. 

2 Nanotechnology 

Nanotechnology may be new for science but mankind has been using it for a long 
time. It is an area of research and innovation concerned with creating things particu-
larly devices and materials at a nanoscale. Nanomaterials or nanoparticles generally



A Narrative Review on Emerging Nanobioremediation … 13

known as engineered nanoparticles (ENP) possess size of 1–100 nm, at least in 
one dimension. Applications of nanoparticles can be considered almost in every 
single domain of science like automobiles, cosmetics, farming, food, textiles, space, 
defense, engineering, medical fields and environment. 

Nanoparticles can be natural (volcanic dust, lunar dust, mineral composites, etc.), 
incidental (from the activities of human race, e.g., coal combustion, welding fumes, 
diesel exhaust) or engineered which may be either organic or inorganic [10]. It 
comprises the two sets either organic or/and inorganic. The first group includes 
carbon nanoparticles (fullerenes), while another includes noble metal (e.g., palla-
dium, gold and silver) and magnetic and semiconductor nanoparticles (e.g., zinc 
oxide and titanium dioxide) [11]. The physio-chemical properties of nanoparticles 
are different from the source material. In recent times, application of nanoparticles 
(NPs) in contaminant eradication has become noticeable because of its tiny particle 
size, large surface area per unit volume ratio, easy injection to the site of action and 
flexibility for in situ and ex situ application. The accelerating practice and applica-
tion of nano-based methods, devices or materials for the restoration of contaminated 
environment possibly originate from the urgent need of a technique which is effi-
cient, economical, readily available and cost-effective and at the same time faster 
enough in delivering results without additional burden to the cleanup process in the 
form of residues and environmental persistence [12]. For that reason, the applica-
tion of nanoscale particles or nanomaterials for remediation of soil contaminated by 
chemicals like heavy metals, pesticides and persistent organic pollutants, which are 
primarily non-biodegradable in nature, is being widely considered. 

2.1 Synthesis of Nanoparticles 

There are predominantly two methods for synthesizing nanoparticles. One is top-
down approach, and the other is bottom-up approach [13]. When a bigger system 
breaks down to form small (nano-sized) particles, it is recognized as top-down 
approach like high energy ball milling, grinding, etching, laser pyrolysis, lithographic 
techniques, etc., whereas in bottom-up approach, atoms amalgamate to form clus-
ters, and combination of clusters results in the development of nanoparticles. The 
top-down approach does not result in evenly shaped nanoparticles, and it is quite 
difficult to get a very small size of nanoscale particles even at high energy usages 
[14]. The main issue related to this approach is the change in chemical properties at 
interface and physio-chemical properties of nanomaterials [15]. A distinctive feature 
of the bottom-up approach is the enhanced possibility of obtaining nanoparticles with 
moderately lesser imperfections and more homogeneous chemical structure. Some of 
the factors which affect the synthesis of nanoparticles are pH, temperature, concen-
tration of metal ion, dosage of capping/reducing agent and other physical conditions 
like stirring, reaction duration and peak wavelength [16]. Figure 1 demonstrates 
the approaches of synthesizing nanoparticles and various methods of synthesizes of 
nanoparticles. Researchers have explored an extensive range of green reducing and
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Fig. 1 Approaches and methods of synthesizing nanoparticles

capping agents, which can be economical, biocompatible, nontoxic and sustainable. 
Their use in the manufacture of NPs has drawn increasing attention. Table 1 reviews 
recent reports on the synthesis of NPs using plants, microorganisms, fungi, yeast and 
other materials. Synthesis of NPs using above-discussed sources is the green way 
of creating nanoparticles which targets to minimize waste generation using mild 
reaction conditions and nontoxic precursors. 

3 Nano-Remediation: Solving Big Problems by Small 
Particles 

Nanotechnology is practically a novel environmental technique which when used as 
a remedial measure for contaminated sites gives rise to nano-remediation. Nanoma-
terials have lately been used as a remedial measure for various contaminated sites 
around the globe and have been accepted as a remedial method by the scientific 
community, particularly for environmental remediation [20]. 

Nanoparticles were introduced as a remedial measure for contaminated water first 
time in the 1990’s and are regarded as novel technology that is still growing. For the 
first time, the idea of using zero-valent iron for reclamation of water polluted with 
chlorinated organic contaminants was presented by [30]. Many studies have been 
conducted to check the viability of applying nanomaterials as remedy for various 
contaminants like organic halogenated hydrocarbons, dyes, nitrates, heavy metals 
and insecticides, and the results obtained were encouraging [56–58]. Remediation of 
organochlorine-contaminated groundwater was studied for the first time using nano-
materials by [58, 59]. In their study, they used bimetallic NPs like Pd/Fe, Ni/Fe and 
Pt/Fe/Zn and observed complete and rapid degradation of several aromatic chlori-
nated contaminants in water. It was revealed first time that zinc and iron NPs mainly 
serve as reducing agents, whereas Pd, Ni and Pt as catalysts. Also, research found 
out that nZVI (nanoscale) is 100 times more reactive than ZVI (macroscale).
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Table 1 Synthesis of various nanoparticles 

Nanoparticle 
type 

Microorganism/material Size, nm Shape References 

Silver (Ag) Aspilia pluriseta 1–20 Spherical [17] 

Pomegranate seeds extract 19–54 … [18] 

Coconut inflorescence sap 10–30 Spherical [19] 

Pseudomonas 
deceptionensis 

10–30 Spherical [20] 

Sinapis arvensis 1–35 Spherical [14] 

B. Monosperma 10–30 Spherical [21] 

Streptomyces sp LK3 5 Spherical [22] 

Schizophyllum commune 51–93 Spherical [23] 

Silver nitrate, copper (II) 
chloride 

80–120 … [24] 

Zinc (Zn) Eucalyptus spp. <40 Irregular [25] 

Cumin 3–29 Spherical [26] 

C. Albicans 15–25 Quasi-spherical [27] 

Marine seaweed C. 
Racemosa 

5–25 Spherical with few 
triangular 

[28] 

A. Carnosus 20–40 Spherical [29] 

Corriandrum 66 … [30] 

Calotropis gigantean 30–35, 
11–84 

Spherical [31, 32] 

Aeromonas hydrophila 45–75 Spherical [33] 

(Physalis alkekengi) P. 
Alkekengi 

50–200 Triangular [34] 

Gold (Au) Saccharomonospora 
glauca 

30 Spherical [35] 

Longan polysaccharide 7.8–15.6 Spherical [36] 

Banana pith extract 17–20 … [37] 

Lemanea fluviatilis 5–15 Spherical [8] 

Abelmoschus esculentus 45–75 Spherical [38] 

Ocimum sanctum 30 Hexagonal [39] 

Chenopodium album 10–30 Quasi-spherical [40] 

Stenotrophomonas 
maltophilia 

40 Spherical [41] 

Fusarium semitectum 18–25 Spherical [18] 

Pseudomonas aeruginosa 15–30 … [42] 

Iron (Fe) Thunbergia grandiflora 25 Irregular spherical [43]

(continued)



16 S. Yousuf and A. K. Agnihotri

Table 1 (continued)

Nanoparticle
type

Microorganism/material Size, nm Shape References

Bilberry waste residues 
(BWE) and False 
bilberry (FBE)[Vaccinium 
species] 

2–10 … [44] 

Green Tea 50–80 Spherical [45] 

Green tea (Camillis 
sinensis) 

75–100 Ellipsoidal [46] 

Rice husk-derived biochar 100 … [47] 

Laurus nobilis L 9 Hexagonal [38] 

Spondias dulcis 11 Irregular [48] 

Eichhornia crassipes … Rod shaped [49] 

Daphne mezereum 6.5–14.9 Spherical [44] 

Vaccinium floribundum 
(Andean blueberry) 

5–10 Spherical [50] 

Copper (Cu) Citrus limon 28 Spherical [51] 

Eucalyptus (Eucalyptus 
globulus L.) and 
mint (Mentha piperita) 

23–39 …. [52] 

Macrocystis pyrifera 2–50 Spherical [53] 

Waste printed circuit 
boards 

5–32 Spherical [54] 

Ziziphus spina-christi(L.) 5–14 … [55] 

Syzygium aromaticum 15 Spherical [56] 

Eclipta prostrata 23 to 57 Spherical [57]

Various types of NPs have been proposed for eliminating contaminants from 
environmental matrices such as nanoscale zeolites, metal oxides, carbon nanotubes 
and fibers, titanium dioxide, zero-valent iron, iron oxide nanoparticles, bimetallic 
nanoparticles and many more [60]. Among the nanoparticles, nZVI has received 
the attention of many researchers for decontamination of various contaminated sites 
around the globe due to its low toxicity. Other than nZVI, many more NPs found their 
way in remediating contaminated sites polluted with various contaminants. Table 2 
shows various NPs which have been used for remediating various contaminants 
successfully. Studies suggested that there is a direct relationship between reactivity 
and degradation; i.e., highly reactive materials degrade contaminants at higher rates. 
Further, loss in reactivity with aging and agglomeration impacts the decontamination 
efficiency [61].

Nano-remediation has the advantage of being able to be used both in situ and ex 
situ for restorative procedures. In ex situ remediation, polluted soil and/or water is 
brought into treatment unit and NPs are applied to remove contaminants; on the other
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hand, in situ NPs are either directly injected to contaminated site or using permeable 
reactive treatment zone (PRTZ) where the contaminants are remediated. Generally, it 
is found that in situ treatment of soil and groundwater is more promising because of its 
cost effectiveness. In case of in situ application, it is necessary to create either PRTZ 
or a reactive NP plume that roams in contaminated zone. For remediating topsoil, NPs 
are applied to the surface using any agricultural practices. These different approaches 
are demonstrated in Fig. 2. 

Even though several nanoparticles are available for soil decontamination, almost 
all the researchers have recommended zero-valent iron. The nZVI NPs have attained 
very fascinating and optimistic results that make them desirable particularly for the 
subsurface contaminant remediation. Further, it is interesting that most investigations 
have focused on cleaning up processes in saturated soils. In contrast, less literature 
is found debating on unsaturated soils. 

Having discussed the wider applicability of nano-remediation, there are some 
limitations associated with it. Recent studies have indicated that the end products 
of most of the nano-remediation processes remain under toxic state, and in such a 
condition, they are posing significant threat to the environment. However, toxic levels 
due to the presence of various elements can be stabilized and detoxified by various 
microbes. So, it is worthy to mention here that if the both the techniques are applied 
together, it can lead to the accomplishment of long-term sustainable goals.

Fig. 2 In situ treatment: (1) injection of nZVI to form PRTZ; (2) injection of mobile nZVI to form 
an nZVI plume; (3) application of NP into topsoil [68] 
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4 Nanobioremediation: Integrating Nano and Bio 
for Sustainability 

While deciding appropriate remediation technique for a polluted site, several aspects 
like cost effectiveness, efficiency, hazards, time required, complexity of technology 
and availability of both physical and human resources to implement are carefully 
evaluated and analyzed. Studies have revealed that use of individual technique for the 
remedial measure of recalcitrant pollutants may not be efficient, effective or sustain-
able and also may be expensive [69]. The demand for new technologies which can 
remediate the polluted sites efficiently and in a sustainable way is much needed in 
current times [70]. Nanobioremediation (NBR) is such a technique that is capable 
of remediating efficiently and sustainably. It is an integrated approach that applies 
nanotechnology and biotechnology together to attain a remediation that is more 
sustainable, time saving and ecofriendly than the processes when applied individu-
ally. NBR has received a considerable focus recently due to its ability to overcome 
the inadequacies of both the methods and provide better remedial outcomes. NBR 
usually works in two stages: (i) Nanoparticles break down the pollutants to such a 
level which is favorable to microbes; (ii) microbes then consume fewer toxic contam-
inants for complete degradation. In NBR, the NPs used are synthesized biologically 
usually. 

Immobilization is a technique in which an enzyme or cells are physically contained 
in a specific location without changing their characteristics, therefore increasing their 
stability and activity. Immobilization is now gaining a lot of interest from the scien-
tific community due to its advantages over soluble enzymes. Enzymes are highly 
sensitive in nature; their characteristics, activity and/or structure may be altered due 
to immobilization. Hence, their immobilization demands appropriate methodology 
in order to enhance stability and activity of enzyme. Some factors must be taken 
into consideration while selecting support material which include hydrophilicity, 
ease of derivatization, resistant to environmental attack, inertness toward enzymes, 
incompressible, biocompatible and cost. However, cell separation, substrate inhibi-
tion, high cost, time consuming and low rate of degradation are some reasons which 
make bioremediation inefficient. To overcome limitations associated with bioreme-
diation, a convenient solution would be to utilize NPs for immobilization by selective 
procedures [71]. Several materials have been used for cell immobilization but most 
of them have disadvantages associated with them like limited transport of substrate 
and fragility of holding cells in response to adverse environmental changes. In recent 
times, using nanoparticles as immobilized carriers has received huge attention from 
the research community. Studies revealed that cells immobilized on nanoparticles 
significantly enhance the microbial mechanisms of environmental remediation and 
also provide ease of regeneration [72]. Due to high specific surface area, chemical 
inertness, low toxicity, biocompatibility, controllable synthesis, recyclability and 
property of super-magnetism, magnetic nanoparticles (MNPs) received consider-
able attention as stabilizing/immobilizing carriers for microorganisms and enzymes 
in treatment process [73–77]. Srinivasan et al. [78] demonstrates that MNPs are
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innovative candidates for immobilizing the laccase enzyme and revealed immobi-
lized laccase degrades chlorpyrifos more efficiently than free laccase. Furthermore, 
immobilization enhanced the tolerance of laccase toward alkaline pH, high temper-
ature and storage up to 100 h. The Fe3O4-bacterial system verified to be efficient 
for the remediation of wastewater contaminated by petroleum hydrocarbons within 
24 h [79]. 

A pivotal work, conducted by Cao [63], demonstrated that integrated approach of 
polyvinylpyrrolidone (PVP) coated iron oxide NPs with the Gram-negative bacterium 
Halomonas sp. is able to eradicate Cd and Pd completely within 24 h and 48 h, 
respectively, while as for individual treatments, removal efficiency was only 60% 
and 80%, respectively, for same the same time period. 

The recalcitrant compounds such as chlorinated aliphatic hydrocarbons (CAH) 
cannot be completely remediated by nZVI (nano-remediation) or individually by 
organochlorine respiring bacteria (bioremediation). Studies revealed that combining 
two could potentially create a solution which will be quick and complete at an 
optimum dosage for contaminants at chlorinated hydrocarbon impacted sites [80]. 
Triclosan (TCS) contaminant is usually present in self-care products; its concen-
tration is increasing exponentially resulting in contamination of water and soil. A 
study was conducted to check the feasibility of remediating such contaminated sites 
with an integrated approach. The researchers proposed a sequential reduction–oxida-
tion process in which dechlorination was achieved by Pd/Fe nanoparticles. Subse-
quently, oxidation of by-products using enzyme laccase. The complete remediation 
was attained in 20 min, and overall toxicity was also reduced [63]. A redox approach 
consisting of nZVI and bacterium (Sphingomonas sp. PH-07) was found to be effi-
cient for an aqueous solution containing polybrominated diphenyl ethers (PBDEs). 
Kratochvil and Volesky [81] conducted a study, reduction of deca-BDE (5 g/L) was 
achieved using nZVI (100 mg) under aerobic conditions. After 20 days, under aerobic 
conditions nZVI-treated deca-BDE samples were subjected to degrading bacterium 
Sphingomonas sp. PH-07 and incubated for 4 days. This sequential method encour-
ages treatment of sites contaminated with PBDEs. Reduction rate of deca-BDE was 
approximately two times for Pd/nZVI compared to nZVI. In another study, silver 
nanoparticle in combination of Aspergillus niger efficiently decolorizes 80.2% dye 
within 42 h and dye was fully removed in 78 h of incubation, while as individually 
Aspergillus niger was only 40% efficient for same time period [82]. 

Lindane (γ-HCH) is a pesticide that contaminates soil on a large scale due to its 
extensive use in the agricultural sector. Integrated approach was evaluated to investi-
gate the effect of combining remediation abilities of both CMC-Pd/nFe0 and Sphin-
gomonas sp. strain to degrade γ-HCH-contaminated soil. Research revealed that 
99% of contaminant degradation was achieved in 6 days for combined approach and 
optimum dosage for NP was 40 mg/l [78]. Another study revealed that using nano-bio 
technique comprising catalytic dechlorination using iron sulfide (FeS) nanoparticles 
followed by microbial degradation, it is possible to eradicate lindane (5 mg/l) from 
system within 9 h [17]. Studies suggested that phenolic pollutants can be removed
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by a combined approach of Fe3O4 NPs and P. chrysosporium by the coupled mech-
anism of photocatalysis and natural process under lighting condition [83]. Zinc was 
efficiently removed by P. chrysosporium pellets [62]. 

EPA confirmed that 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) commonly 
known as dioxin is carcinogenic in nature. Dioxin finds its way to the environ-
ment from waste-burning incinerators and leads to several diseases related with skin, 
immune system, endocrine system, nervous system and reproductive system [84]. 
Study revealed that dioxin being such a hazardous contaminant can also be erad-
icated from a given medium completely by this novel approach. [85] conducted a 
study in which bimetallic Pd/Fe (0.5 g) nanoparticles and Sphingomonas wittichii 
were sequentially added to a solution contaminated with 2,3,7,8-tetrachlorodibenzo-
p dioxin. Results showed dechlorination process of dioxin in anaerobic conditions 
was completed using Pd/Fe nanoparticles in 10 h. Further, dibenzo-p-dioxin (by-
product) was degraded by Sphingomonas wittichii. Table 3 presents nanobioremedi-
ation methods described for a variety of environmental pollutants. From the literature 
available till date, we can say that nanobioremediation could lead to sustainability in 
near future. Still, there are some areas which need to be thoroughly addressed before 
applying this novel approach in field like toxicity and agglomeration of nanoparti-
cles, effect of medium constraints, transport, fate and bioaccumulation of nanoparti-
cles last but not least compatibility between bioagent and nanomaterial. Some other 
issues are loss of reactivity with time, transportation and effect of nanoparticles 
on microorganisms. Although various studies have been conducted on such issues, 
results are still contradictory. By the time these obscure areas of research are explored, 
nanobioremediation will undoubtedly be an optimistic approach for attaining the 
environmental sustainable goals.

5 Conclusions 

To address the challenges pertaining to a sustainable environment, the contami-
nants must be remediated using a sustainable approach. The sustainable tool of 
nanobioremediation resulting from the integration of nanotechnology and biotech-
nology has received tremendous attention recently. Nanobioremediation contributes 
toward enhanced sustainability because of its efficiency to counter new environ-
mental threats, time saving, wider applicability and more importantly being econom-
ical compared to its individual counterparts. Furthermore, nanobioremediation offers 
sustainable solutions of reusability and recyclability to components such as (NPs) 
which are left out in soil. There are various challenges faced by the scientific commu-
nity in implementing nanobioremediation as the ultimate solution to the contaminated 
sites with variable problems. Such issues can be addressed by encouraging research 
at global level. Furthermore, this paper draws the following conclusions:
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(a) Despite being the safest treatment method, bioremediation is not suitable for 
the sites contaminated with high concentration of toxic substances like heavy 
metals and salts as they are harmful to microbes. 

(b) Green synthesis of NPs is an eminent tool to reduce the negative impacts associ-
ated with the conventional approaches. It aims to minimize the use of toxic chem-
icals and solvents hence should be encouraged for promoting environmental 
sustainability. 

(c) For the removal of PCBs, nanobioremediation is found to be 20–30% more 
efficient than its individual counterparts. Studies have also revealed that the 
nanobioremediation technique is a time-saving process usually 10–20% more 
expeditious. 

(d) Immobilized cells using magnetite nanoparticles are highly efficient in the 
removal of contaminants such as dibenzothiophene, carbazole, phenol and 
atrazine. It is found that these immobilized cells possess a higher degree of 
efficiency (>90%) compared to free cells. Furthermore, immobilized tech-
nique possesses the property of reusability and is able to withstand adverse 
environmental conditions (high acidic and alkaline). 

(e) Intractable compounds such as chlorinated aliphatic hydrocarbons (PCE, 
TCE and TCA) cannot be removed efficiently using traditional treatment 
methods. However, the combined approach of nanobioremediation can provide 
100% removal efficiency for such contaminated sites along with considerable 
reduction in treatment period. 

From the above discussion, we can deduce that nanotechnology has a wide appli-
cability in various fields of science however; it has enormous applications in envi-
ronmental remediation. Further, it is anticipated that its applications will increase at 
a great leap in near future and will play a crucial role in achieving environmental 
sustainability. 
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Effect of Hydrogen Sulfide on Microbial 
Methane Oxidation in Biochar-Amended 
Soil 

Jyoti K. Chetri and Krishna R. Reddy 

1 Introduction 

Municipal solid waste landfills are source to odiferous compounds such as hydrogen 
sulfide (H2S) apart from greenhouse gases like methane (CH4) and carbon dioxide 
(CO2). Hydrogen sulfide is a major odor causing component of landfill gas (LFG). 
Hydrogen sulfide is a colorless gas with characteristic smell of rotten egg at very low 
concentrations [1]. Hydrogen sulfide has very low odor threshold (0.01–1.5 ppm). 
At higher concentrations, H2S exposure can cause detrimental health effects. Apart 
from health effects, H2S sulfide causes corrosion of equipment and infrastructure 
[2]. Odor pollution is the one of the biggest concerns of landfill operators as it affects 
the quality of life of people residing around landfill. 

In the recent years, bio-based cover systems have been explored extensively to 
mitigate landfill CH4 emissions [3–5]. Landfill cover soils are enriched in CH4 

oxidizing microorganisms called methanotrophs due to their continuous exposure to 
methane emanating from the waste. Methanotrophs oxidize CH4 in the presence of 
oxygen and release CO2 and water [6]. Organic amendment to landfill cover soil helps 
to enhance the microbial CH4 oxidation efficiency by creating favorable environment 
for microbial growth and sustenance. More recently, biochar-based biocovers have 
gained prominence owing to the unique characteristics of biochar such as high mois-
ture retention, high intrinsic porosity and gas adsorption [6]. Biochar-amended soil 
has shown promising potential to mitigate landfill CH4, however, the effect of other 
trace gases such as H2S on the  CH4 oxidation potential is not well understood. The 
optimal pH for methanotrophic methane oxidation is found to be in the range of 7–7.6
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in the landfill cover soil [7]. Studies in the past have reported an inhibitory effect of 
H2S on the methanotrophic CH4 oxidation in landfill cover soil [8]. However, the 
effect of H2S on CH4 oxidation in biochar-amended soil is not known. 

In this study, a biogeochemical cover consisting of biochar-amended soil overlying 
steel slag was evaluated for its potential to mitigate CH4, CO2 and H2S significantly 
through large-scale column test. Biochar-amended soil can mitigate CH4 through 
microbial CH4 oxidation and steel slag can mitigate CO2 and H2S through geochem-
ical reactions with the minerals and oxides present in the steel slag. The main aim of 
this study is to investigate: (1) effect of H2S on the microbial CH4 oxidation in the 
biochar-amended soil; and (2) effect of steel slag on the microbial community in the 
biochar-amended soil. 

2 Materials and Methods 

2.1 Materials 

The simulated biogeochemical cover profile consisted of a sand gas distribution layer 
(GDL), a 10% by weight biochar-amended soil layer, basic oxygen furnace (BOF) 
still slag layer and a topsoil layer. Ottawa (20/40) sand (US Silica, IL, USA) was used 
for the GDL. Landfill cover soil and topsoil were obtained from Zion landfill, Zion, 
IL, USA. Pinewood biochar was obtained from commercial vendor (Chip Energy, 
Goodfield, IL, USA). BOF slag was obtained from Indiana Harbor East Steel Mill, 
East Chicago, IN, USA. 

2.2 Methods 

Material characterization. The cover materials were characterized for their phys-
ical, chemical and geotechnical properties which are summarized in Table 1. The  
hydraulic conductivity of 10% biochar-amended soil was determined by preparing 
cylindrical sample at similar density placed in the test column using flexible wall 
permeameter as per ASTM D5084. 

Column setup. The cover profile was set up in a plexiglass column 100 mm height 
and 18.25 mm diameter. A 10 cm thick dry sand layer was loosely placed at the 
bottom of the column as GDL. A 45 cm thick 10% by weight biochar-amended soil 
layer was placed over the GDL to serve as a CH4 capture layer or biologic layer. Prior 
to placing in the column, the air-dried pulverized landfill cover soil was mixed with 
10% by weight of biochar. The soil biochar mixture was adjusted to 15% (by weight) 
of moisture content. About 15% moisture content was chosen based on the previous 
studies which showed optimum moisture for CH4 oxidation to be in the similar range
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[9]. The layer was placed in 5 cm lifts with light compaction with a tamping rod (3.1 
kg). The bulk density of the biochar-amended soil layer was 1.38 g/cm3. Over the  
biochar-amended soil layer, a 30 cm thick layer of BOF slag adjusted to moisture 
content of 10% was added in 5 cm lifts with light compaction. The placement density 
of BOF slag was 1.80 g/cm3. A 5 cm thick topsoil layer adjusted to moisture content 
of 15% was added above the BOF slag layer at a bulk density of 1.56 g/cm3. Each 
layer was separated with a 6 oz (~170 g) needle punched geotextile fabric (EPI, The 
Liner Company, Traverse City, MI). 

A synthetic LFG made of 48.25% CH4, 50% CO2 and 1.75% H2S was passed 
through the bottom of the column into the GDL. The inflow rate was controlled with 
the flowmeter. Atmospheric air after passing through a water column was supplied 
into the top of the column. The gas sampling ports were provided along the depth 
of the column at an interval of 10 cm in the bottom 50 cm and 5 cm interval in the 
top 50 cm of the column. A sampling port was provided at the top cap of the column 
to monitor the headspace gas concentration. The inflow gas flux varied from 50 to 
150 gCH4 m−2day−1 during the column operation. The gas samples were withdrawn 
from the sampling ports at regular intervals (2−3 times a week) and analyzed using 
a gas chromatograph equipped with thermal conductivity detector (TCD) and flame 
ionization detector/flame photometric detector (FID/FPD) for the detection of CH4, 
CO2, H2S and O2.

Table 1 Properties of biogeochemical cover components 

Properties ASTM 
method 

Sand Landfill cover 
soil 

BOF slag Topsoil 

Specific 
gravity 

D854 2.66 2.65 3.34 2.59 

Organic 
content (%) 

D2974 0.3 4.9 1.94 3.6 

Grain size distribution 

Gravel (%) 0.0 0.0 0 0.2 

Sand (%) 100 35.4 86.4 18.1 

Fines (%) D6913/6 0.0 64.6 13.6 81.7 

D50 (mm) 913M 0.6 0.023 0.82 0.018 

Cc 0.91 – 29.17 – 

Cu 1.36 – 0.72 – 

Hydraulic 
conductivity 
(cm/s) @dry 
density 

1.4 × 
10−2@1.6 g 
cm−3 

ND 2.6 × 
10−3@1.7 g 
cm−3 

1.8 × 
10−7@1.30 g 
cm−3 

pH D4972 6.7 8.0 12.4 7.7 

Carbonate 
content 
(CaCo3, %)  

D4373 2.15 13.60 3.79 3.67 
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Column operation. The simulated cover profile was pre-acclimated with 1000 ppm 
CH4, 99.99% N2 under low CH4 flux (0.2 gCH4 m−2 day−1) during Phase I to allow 
microbes to adjust to the column conditions. The gas flow was switched to 48.25% 
CH4, 50% CO2 and 1.75% H2S at flux rate of 50 gCH4 m−2 day−1 after 17 days in 
Phase II when the biochar-amended soil layer showed consistently high production 
of CO2 and consumption of CH4. Phase II was operated for 25 days until quasi-static 
flow conditions were achieved within the columns. Following Phase II, the gas flow 
rate was increased to 150 gCH4 m−2 day−1 in Phase III and operated for 58 days. 
During Phase III, rainfall event was simulated on day 20th of Phase III by adding 340 
mL of water to the top of the column to simulate ½ inch rainfall. In Phase IV, the gas 
flux was lowered to 50 gCH4 m−2 day−1 to analyze if the CH4 oxidation conditions 
could be restored to Phase II level. 

Column exhumation. Column experiment was terminated after 176 days of LFG 
exposure under different flux rates. The column samples were exhumed from various 
depths. The biochar-amended soil was exhumed from various depths and analyzed for 
moisture content, pH, organic content, carbonate content and carbon/sulfur content. 
The samples were also analyzed for microbial characterization using 16S rRNA 
gene amplicon sequencing following procedures explained in Chetri et al. [5]. 
The exhumed biochar-amended soil samples were also subjected to batch testing 
following procedures explained in Chetri et al. [5] to evaluate the CH4 oxidation 
rates of the biochar-amended soils at various depths. 

3 Results and Discussions 

3.1 Gas Concentration Profiles 

The quasi-steady state average gas concentration profiles of CH4, CO2 and O2 

along the depth of the column during Phase II to Phase IV are shown in Fig. 1a– 
c, respectively. H2S is not shown as it was not detected in the gas sampling ports 
and was completely absorbed in the lowermost part of the biochar-amended soil 
layer. Figure 1a shows average concentrations of CH4 along the depth of the column. 
Biochar-amended soil showed significant reduction of CH4 concentration during 
Phase II and Phase IV (Fig. 1a) due to CH4 oxidation, whereas CH4 removal efficiency 
reduced during Phase III (high flux) which could be attributed to the lower retention 
time under high CH4 flux rate. Studies in the past also had similar observation [4].

In contrary, the CO2 concentrations remained higher than the CH4 concentration 
throughout Phase II to Phase IV in the biochar-amended soil layer (Figure 1b) which 
is due to the production of CO2 during CH4 oxidation. During Phase II, BOF slag 
layer overlying biochar-amended soil layer sequestered all the CO2 resulting in zero 
emissions into the headspace. During Phase III, the CO2 removal efficiency in the 
BOF slag layer reduced which could be attributed to the high flux rate. The CO2 

removal efficiency of the BOF slag reduced gradually and in Phase IV, high amount
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Fig. 1 Average quasi-static gas concentration profiles along the depth of the column: a CH4, b 
CO2 and c O2; and  d average CO2/CH4 ration along the depth during Phase II (50 gCH4 m−2 

day−1), III (150 gCH4 m−2 day−1) and IV (50 gCH4 m−2 day−1). The columns were preincubated 
for 17 days with 1000 ppm CH4 gas balanced in nitrogen for acclimation as Phase I

of CO2 was released into the headspace. It shows that the BOF slag underwent break-
through in Phase III due to reaction of the readily available calcium minerals such as 
lime (CaO) and portlandite [Ca(OH)2] with CO2 [10]. Overall, the BOF slag showed 
CO2 sequestration for an extended period suggesting high CO2 removal capacity of 
the slag. Figure 1c shows concentration of O2 along the depth. The O2 penetrated 
the deeper layers affirming aeration of the biochar-amended soil layer. However, 
the O2 concentrations in the biochar-amended soil layers were significantly reduced 
which could be attributed to the high microbial CH4 oxidation rates. Figure 1d shows  
average ratio of CO2/CH4 along the depth during Phase II to IV. The inlet CO2/CH4 

ratio was 1.04. The ratios within the biochar-amended soil layer remained greater 
than the inlet ratio which is a confirmation that CH4 oxidation was occurring within 
the system. The CO2/CH4 ratios were significantly higher in the biochar-amended 
soil layer during Phase II and Phase IV, whereas it was significantly lower during 
Phase III which again affirms that the CH4 oxidation efficiency reduces under high 
gas flux rates. The CO2/CH4 ratio became zero in the BOF slag layer during Phase II 
which is attributed to the complete sequestration of CO2 in the BOF slag layer. The 
CO2/CH4 ratio gradually increased in Phase III and was highest in Phase IV which 
is attributed to the reduction in the CO2 sequestration capacity of the BOF slag.



42 J. K. Chetri and K. R. Reddy

Fig. 2 Methane oxidation 
rates of the column exhumed 
biochar-amended soil at 
select depths 
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3.2 Methane Oxidation Rates 

Methane oxidation rates along the depth of the biochar-amended soil layer quan-
tified based on the batch incubation experiments are shown in Figure 2. The  CH4 

oxidationrates were in the range of 180–400 gCH4 m−2 day−1. The average CH4 

oxidation rate was 200 gCH4 m−2 day−1 which is in the range reported by previous 
studies [11]. The maximum CH4 oxidation rate (400 gCH4 m−2 day−1) was obtained 
at 55 cm bgs (or 20 cm below top of biochar-amended soil layer) which is consistent 
with observation reported by past studies [6, 11, 12] and could be attributed to the 
optimum combination of CH4 and O2 at the middle of the layer. The CH4 oxidation 
rate at the bottommost part of the biochar-amended layer (75 cm bgs) was 7.4 times 
lower than the maximum CH4 oxidation and 3.6 times lower than that of the average 
oxidation. H2S was completely absorbed at this depth which could be the reason for 
significantly lower CH4 oxidation rate. Lee et al. (2015) reported an inhibitory effect 
of H2S on CH4 oxidation. However, it is interesting to note that the effect of H2S 
was only observed at the bottommost part of the column, while the upper strata was 
able to remove CH4 significantly. 

3.3 Microbial Community Distribution 

Microbial community distribution at various depths of biochar-amended soil layer 
is shown in Fig. 3. The microbial community was dominated with methylotrophs 
accounting for 35–50% of the total bacterial sequences. Around 98% of the methy-
lotrophs were methanotrophs at all the depths. This shows that the biochar-amended 
soil created favorable environment for the methanotrophic growth despite expo-
sure to H2S. The relative abundance of methylotrophs is positively correlated with 
the methane oxidation rates. The lowest relative abundance of methylotrophs was
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Fig. 3 Relative abundance of methylotrophs put of total 16S rRNA bacterial sequences in biochar-
amended soil layer 

observed at the bottommost part (75 cm bgs) which is consistent with the CH4 oxida-
tion rates. Major methanotrophic groups detected in the both the column samples 
included both Type I such as Methylobacter, Methylomicrobium, Crenothrix, Methy-
localdum, Methylosarcina and Type II such as Methylocystis and Methylosinus. Apart 
from methylotrophic communities, some known sulfur oxidizing bacterial (SOB) 
communities such as Thiobacillus were detected, however, their abundance was 
< 1%. Trace sulfur/sulfate reducing bacteria (SRB) (<1%) such as Desulfosporos-
inus, Desulfotomaculum, Desulfatitalea and Desulfocapsa [13–15] was found in the 
biochar-amended soil mainly in the bottom 65–75 cm depth. The presence of trace 
amount of SOB and SRB signals that H2S was not removed through biologic activity 
but rather through abiotic reaction mechanisms. 

3.4 Terminal Material Properties 

A slight increase in the moisture content from the initial 15% was observed along the 
depth of the biochar-amended soil layer. It could be due to the water produced during 
CH4 oxidation process. Biochar-amended soil did not undergo any drying which is 
normally encountered in landfill cover soils (Table 2).
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Table 2 Properties of the biochar-amended soil exhumed from the column 

Depth (cm) MC (%) OC (%) pH Sulfur (%) 

40 16.7 11.6 7.6 

45 17.6 12.1 7.7 0.114 

55 17.0 11.2 7.7 0.1132 

65 16.3 12.4 7.5 0.1049 

75 15.1 7.5 7.25 0.6604 

Note MC = Moisture content; OC = Organic content 

The organic content remained nearly similar to the initial value of 13% except 
at the bottommost part (75 cm bgs). The lowest organic content at the bottommost 
part could be due to heterogeneity in the sample or could be associated with the H2S 
removal at this depth which needs to be investigated further. The pH of the biochar-
amended soil remained near neutral. Studies in the past have shown reduction of 
pH of the soil due to the oxidation of H2S [2, 16] which was not observed in this 
study. This further suggests that the removal mechanism of H2S was other than 
biodegradation. The sulfur content was highest at 75 cm bgs which is consistent with 
the H2S removal. It means H2S was absorbed in the bottommost part minimizing 
exposure of H2S in upper layers. 

4 Conclusion 

Large-scale column test was performed simulating biogeochemical cover profile 
which consisted of 10% biochar-amended soil overlain by BOF steel slag. The cover 
profile was exposed to synthetic LFG comprising of 48.25 % CH4, 50% CO2 and 
1.75% H2S under varying CH4 flux of 50–150 gCH4 m−2 day−1. The biogeochemical 
cover showed significant potential to remove CH4, CO2 and H2S. Biochar-amended 
soil showed significant CH4 oxidation potential. Maximum CH4 oxidation rate was 
observed at the middle of the biochar-amended soil layer. The lowest CH4 oxidation 
rate was observed at the bottommost part of the biochar-amended soil layer, where 
most of the H2S was observed signaling the inhibitory effect of H2S on the  CH4 

oxidation. The relative abundance of methylotrophs ranged from 30 to 50% with 
highest at the middle of the biochar-amended layer consistent with the CH4 oxidation 
rate. The lowest methylotrophic relative abundance was observed at the bottommost 
part (75 cm bgs) consistent with the CH4 oxidation rate. The bottommost part of 
biochar-amended soil layer which showed complete removal of H2S also showed  
significantly higher sulfur content which suggests that sulfur precipitation was one of 
the H2S removal mechanisms. Although biochar-amended soil was exposed to H2S, 
it was dominated with methane oxidizing methanotrophs. It suggests that biochar 
amendment helps to reduce the harmful effects of H2S in methane oxidation.
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Characteristics: A Review 
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Terminology 

MSW Municipal solid waste 
TPD Tones per day 
SEM Scanning electron microscopy 
EDS Energy-dispersive X-ray spectroscopy 
COD Chemical oxygen demand 
BOD Biochemical oxygen demand 
NHn-N Ammoniacal nitrogen 
MDD Maximum dry density 
OMC Optimum moisture content 
RDF Refuse-derived fuel 
LL Liquid limit 
Φ Angle of internal friction 
HM Heavy metals 
Cl Chlorine 
Cd Cadmium 
Cr Chromium 
Mn Manganese 
Zn Zinc 
Fe Iron 
Ni Nickel 
Pb Lead 
C Cohesion 
Gs Specific gravity
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PL Plastic limit 
PI Plasticity index 

1 Introduction 

Open dumping of MSW at landfill sites is the most common practice in most of the 
countries. In developing countries like India, there is an increase in generation of 
MSW due to rapid growth in industrialization. The per capita generation of MSW in 
India is 100–500 g in small and large towns, respectively, and among this waste, only, 
13–20% of content is recyclable [1]. As of 2020, the urban area of India has generated 
147,613 tons of MSW. Only, 75–80% of the total MSW gets collected in which more 
than 80% of waste is dumped in dump sites without any scientific consideration, 
which will lead to public health and environmental degradation [2]. The increase in 
MSW generation is around 5% annually [3–5].The per capita generation of MSW in 
upcoming years has been estimated as shown in Table 1. 

Due to inadequate data on volume of generation, collection, transportation, and 
disposal of solid waste, there is no proper management of MSW. For the existing 
system in India, the efficiency of management of MSW is less than 40% [6]. It 
is a common practice to dispose of MSW in low-lying areas without taking any 
measures or maintaining any operational controls, which is the major cause of soil and 
groundwater contamination [7]. Due to chemical, biological, and physical changes 
in MSW, a by-product will be formed known as leachate, which is absorbed into 
soil strata and aquifers. Transportation of heavy metals into humans and animals 
is shown in Fig. 1. Leachate can contain a significant amount of organic matter, 
metals, and salts [8–10]. Due to attribution between leachate chemicals and soil 
particles, the effect of leachate on altering soil characteristics decreases with increase 
in depth [11]. It has been reported that leachate causes an increase in biological 
activity and loss of vegetation due to heavy metal contamination thus destroying 
further ecology of the region [12]. The open dumping sites or landfills which are 
not properly designed or constructed become a point of source for soil, ground, 
and surface waters. This paper presents a review on geotechnical properties of soil 
contaminated by open dumping. The geochemical analysis in these studies was done 
by energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscopy

Table 1 India’s estimated waste generation rate for the projected years (CPCB, 2000) 

No Year Per capita waste generated (Kg/d) Waste generated (TPD) 

1 2011 0.356 127,458.10 

2 2021 0.406 177,281.07 

3 2031 0.463 239,240 0.00 

4 2041 0.529 313,839.90 
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Fig. 1 Flowchart for transportation of heavy metals in to animals and humans [28] 

(SEM) to get the idea of element composition. The leachate characteristics such as 
organic matter (BOD), inorganic matter (COD), and heavy metals are also the reason 
for change in soil properties. The mechanical properties of contaminated soil were 
also altered to support sustainable construction and destroy ecological balance in the 
area. 

2 MSW Composition 

The constituents in MSW vary with location due change in local area economy, 
standards of residents, and availability of commodities. The materials like paper, 
glass, plastic, metals, and organic waste are common compositions of MSW [5, 
13, 14]. The MSW contains hazardous waste like batteries, pesticides, and medical 
waste, and the organic waste includes vegetable, fruits, and food waste. The biomed-
ical waste should never be incorporated into MSW as in guidance with biomedical 
waste management and handling rules 1998 and revised in 2003 [15, 16]. The MSW 
management site numbers are presented in Table 2. The typical constituents in MSW 
in urban areas are by weight 41% organic waste, 40% inert waste, and remaining 
19% is recyclable waste.

3 Leachate Characteristics 

When the water percolates through any solid waste dumping site, it will carry the 
by-products formed by chemical and biological activity the leachate will be formed. 
Due to its higher concentrations in toxic and metallic constituents, it causes all types 
of nuisances in the area. In absence of barriers, this leachate makes its way toward 
soil, subsurface, and surface waters [17]. The heavy metals (Cl, Cd, Cr, Cu, Fe,
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Table 2 MSW management sites in India (Census 2011) 

Parameters Data 

Population density 382/person/km2 

Door to door collection 18 states 

Waste segregation at sources 5 states  

Untechnical sites constructed numbers Compost (vermicomposting) 
facilities 

1285 numbers 

At dump site 95 

Operating pipe composting sites 7000 

Operating RDFs sites 12 

Biogas plants in operation 645 

Energy generation plants 11 (only 6 are operational)

Mn, Ni, Pb, Zn, etc.) carried in to surrounding soil. The COD, BOD5, ammoniacal 
nitrogen (NHn- N), and chlorides values are more in pre-monsoon than in post-
monsoon [18–20]. Table 3 represents the constituents of leachate from different dump 
locations. Leachate can be found in dump sites as biodegradable–dissolvable, non-
biodegradable–dissolvable, and non-biodegradable–non-dissolvable leachate [21].

4 Change in Soil Characteristics 

When the organic matter from MSW open dump site or the formed leachate 
travels/infiltrates through near-by soil, its properties start to change [3]. The vari-
ation in geotechnical properties is found to greater with variation in leachate charac-
teristics [12]. The physiochemical analysis on contaminated soils shows increased 
organic matter which in turn reducing specific gravity of soil [26]. Soil samples 
collected at different depth on the basis of level of infiltration of leachate. Heavy 
metal contamination from leachate is also observed at site where open dumping is 
practiced for more than 10 years [26]. Data on soil properties and its parameters are 
given in Table 4. Test on other engineering properties such as swell index, compress-
ibility, and consolidation settlement indicates increment in values for contaminated 
soil compared to virgin one [27].

5 Conclusion 

The dumping of MSW without any precautionary measures is hazardous to the 
surrounding environment as well as soil. At shallow depths, the properties of soil 
are altered more in the deeper layer which shows a direct relationship with leachate
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Table 4 Test data collected on contaminated soil 

S. no Test Data Comment Refs 

1 Index properties Gs = 2, Cu = 6.6, Cc = 6, 
LL = 23.4, PL = 19, PI = 5 

At 0.5 m depth 

Mechanical properties OMC = 12%, MDD = 
1.78 g/cm3,Φ = 35.790, C  
= 1.67 kPa, CBR = 
12.34%, k = 3.4 × 
10−3 cm/s 

At 0.5 m depth [3] 

2 Bulk density Lower = 0.5 and upper = 
1.5 g/cm3 

– [28] 

3 Compaction test MDD = 1.54 g/cm3, OMC  
= 29% 

– 

UCS test Max cohesion and friction 
Angle—5 kPa and 380 

– [6] 

4 Index properties GS = 2.38, LL = 30%, PL 
= 15% 

Max of 6 samples [27] 

Compaction and strength 
Parameters 

MDD = 19.5KN/m3, OMC  
= 16.66%, C = 75KN/m2, 
ϕ = 30.270, K  = 3.15 × 
10−5 m/s

percolation. The review on the constituents of leachate from recent studies confirms 
the following statements:

• The constituents of MSW also directly influenced leachate properties which in 
turn influenced changes in characteristics of affected soil.

• Due to the increase in the organic fraction in soil, Parameters such as MDD and 
specific gravity have been decreased. The reduced internal angle and cohesion 
values also reduced soil shear strength.

• In geochemical analysis, it has been observed that apart from higher organic matter 
contamination, there is heavy metal contamination in upper layers of soil near the 
dumpsite.

• The loss of vegetation has been observed when there are higher fractions of heavy 
metals are present. At lower concentrations, these heavy metals are making their 
way into living beings through plants. Plants observe heavy metals along with 
necessary nutrition from the soil.

• Due to the increase in biological activity in the soil, the pathogen population is 
also increased. This disturbs the present ecological balance in soil which further 
leads to environmental and human health hazards.
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Analysis of Landfill Leachate 
and Contaminated Groundwater: 
A Review 

Shweta Ranjan , Davinder Singh , and Sanjeev Kumar 

1 Introduction 

Landfills are the dumping site for municipal solid wastes, industrial and hazardous 
waste. Landfill waste poses several challenges to our environment through leachate, 
toxins, greenhouse gases, and other harmful products. Leachate is formed by 
extracting soluble, insoluble, and suspended materials by liquid passing through 
any matter. The breakdown of organic waste generates landfill leachate, and chemi-
cals thus produced are mixed with percolating water. Rainfall on the landfill is one of 
the significant causes of leachate formation. Groundwater entering the landfill also 
contributes toward leachate formation. Thus, toxic leachate is produced by chemical 
reactions of decomposed landfill components picked up by the liquid. Chemicals 
including Methane, Carbon Dioxide, Alcohol, Organic Acids, Aldehydes, etc., are 
usually found in leachate. Different types of toxic materials produced in the decompo-
sition of landfill wastes seep into the soil then groundwater, resulting in groundwater 
contamination. Not only groundwater but soil quality and other environmental factors 
will degrade. 

Landfills pose several environmental problems, including vegetation damage, 
dust, greenhouse gases, other air emissions, etc. However, this review will solely 
focus on the leachate and groundwater contamination in the present study. Landfill 
leachate compositions depend on the age of the landfill itself and the variety of wastes 
present in it. It contains both dissolved and suspended materials. Landfill leachate is 
generally toxic, thus possessing a significant threat to the surrounding environment 
and ecosystems. Dissolved organic matter (DOM) in leachate can change the fate of 
heavy metals in their stability, transport behavior, and bioavailability. It can also affect 
microbial activity, decrease the effluent quality of the coagulation process, cause
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membrane fouling and interact with organic contaminants [1]. Water is essential for 
life to exist. From industries to agriculture and home, water is used everywhere. It 
is a vital re- source of a nation as economic development and prosperity depend on 
it. Leaching would have a severe consequence on this very resource of the country. 
The mechanism of leaching of metals is essential to study as metals migrating will 
contaminate the groundwater and soil and its surrounding. Leachate with a high level 
of landfill-derived nitrates and phosphate, subsequently contaminating both the soil 
and groundwater and growth of waste generation leads to increased contamination 
level of groundwater and soil. So monitoring and assessment of potential risks of 
lateral and vertical percolation from landfills for contaminating soil and ground-
water resources are needed [2]. Modern landfills are well-engineered, have facilities 
for safe, solid waste disposal. Wastes disposed of in these modern landfills prevent 
the environment from contamination. In environmentally sensitive areas, landfills 
are not built. A monitoring system is used on-site to monitor their environmental 
impact. Besides detecting signs of groundwater contamination and landfill gas, these 
monitoring systems also provide additional safeguards. 

2 Landfill and Landfill Leachate 

2.1 Landfill Overview 

Landfill sites are used for the management of waste materials that are no longer in 
use. All the waste has not the same landfill. Wastes are deposited in different landfills 
based on their nature. Non-hazardous domestic waste and hazardous industrial waste 
materials are considered in municipal solid waste (MSW) and industrial landfills, 
respectively. Construction demolition, incinerator ash, and refuse are part of the inert 
waste landfill. Completely unknown types of waste are considered in the abandoned 
landfill. 

Management of waste recycling, reuse can be helpful in the reduction of waste 
from the landfill. These wastes are managed carefully to preserve the environment 
and living beings. The municipal solid waste generation rate depends upon affluence, 
season, and education. Location for the public landfill is selected by the local govern-
ment and for private landfill, it will choose the prospective selected site and approach 
the government. The term landfill refers to the act of disposing of waste by compres-
sion and embankment filling at suitable locations. Landfilling is easy, adjustable, 
and cost-effective compared to other disposal methods. Studies comparing different 
waste management (WM) methods (landfilling, burning, composting, etc.) show that 
sanitary waste disposal-open dumping—is the best available option [3] (Fig. 1).
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Fig. 1 Hierarchy of 
methods for managing waste 
generated 

2.2 Characteristic of Leachate 

Typically landfill leachate is identified by the parameters like biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), 
suspended solids, heavy metals, pH, and ammonia (NH4 

+-N). The oxidation state 
of organic carbon and the biodegradability of organic compounds are measured by 
the ratios of COD/TOC and BOD5/COD. Landfill leachate qualities are affected by 
different parameters such as landfill age, operational conditions, waste type, climate, 
and hydrogeology. The properties of landfills show variations due to the differences 
in moisture content, refuse composition, precipitation, and temperature [4]. Elec-
trical conductivity, total nitrogen, and pH are higher in winter compared to summer. 
COD and DOC concentrations are lower in summer due to higher temperatures. The 
heavy metal concentrations, volatile suspended solids, total suspended solids, and 
oxidation–reduction potential shows no remarkable seasonal variation [5]. Landfill 
age can affect the properties and configuration of leachate. Landfill leachate can be 
divided into three groups based on their ages. Leachate age less than 5 years belongs 
to young leachate, 5–10 years old is medium, and above than ten years is considered 
old leachate (shown in Fig. 2). Generally, a young landfill having less pH value, low 
molecular weight, and high level of (BOD5/COD) biodegradability index.
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Fig. 2 Characteristic parameters of landfill leachates of different ages [1, 6] 

2.3 Impact of Landfill Leachate on Environment and Human 
Health 

Municipal solid waste disposal all over the world, landfills are the primary option. 
Generally, the landfill sites are very old and not adequately designed, resulting in 
contamination of soil surface and groundwater due to toxic leachate. The regulatory 
authorities are facing challenges to manage the enormously increasing level of toxic 
leachate. It is necessary to treat the maximum limits of the contamination before 
disposal into the environment, so they made specific regulation that helps to protect 
the environment. For the management of leachate, there are different phases, for 
example, (i) monitoring of leachate information (ii) identification of hazards (iii) 
treatment of toxic leachate. After accomplishing these phases, waste can be disposed 
of in the environment. There are three ways to control contamination risk on the 
environment: remove the hazards’ source, remove the hazards’ receptors, and handle 
the pathways between the source and receptor. 

3 Sampling and Analysis 

Landfill leachate and groundwater samples are collected from the landfill site and 
the nearby area. These samples are collected carefully in a clean bottle or polythene 
and transported to the laboratory for further analysis. The sample is stored at 4°C 
and examined within 24 h for better results [7, 8]. Different techniques are available 
for the study of heavy metals, physicochemical and microbiological. To assess the 
physicochemical parameters, standard methods and internationally accepted methods 
are used. Some of the parameters such as total dissolved solids (TDS), electrical 
conductivity (EC), pH, and temperature can be measured directly on the site by 
using a multiparameter detector instrument. The NO3

− content find out by using the 
method of phenoldisulfonic acid. After filtration, the groundwater sample is acidified
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using HNO3 (having pH < 2) for heavy metal analysis. The concentrations of heavy 
metals like Cd, Co, As, Cr, Fe, Mo, Cu, Ni, Pb, Zn, and Mn are analyzed. 

Except for pH, TDS, EC (mS/cm) all parameters are in mg/l. 
To assess the heavy metals in landfill leachate and groundwater samples, ICP-

Perkin Elmer Model can be used [2]. Physiochemical characteristics of landfill 
leachate in various regions are compared with Municipal Solid Waste (2000) and 
United Nations Environment Program (UNEP 2005) data in Table 1. Parameters 
of groundwater by the World Health Organization (WHO) and allowable limit 
of drinking water as per the Bureau of Indian Standards (BIS-10,500:2012) are 
compared with Tamil Nadu, Varanasi, Himachal Pradesh (Solan) in Table 2. 

Table 1 Physiochemical characteristics of landfill leachate in different regions 

Parameters Tamil Nadu 
[9] 

Solan 
(H.P) [7] 

Varanasi 
(U.P) [10] 

Municipal solid 
waste 
managementand 
handling (2000) 

MSW in 
developing 
countries, UNEP 
(2005) 

pH 6.9 7.41 8.8 5.5–10 5.5–9 

BOD 17,552 2300 1335 30 20–40,000 

COD 25,102 7150 8332 250 500–60,000 

TDS 25,514 1968 2322 2100 0–42,300 

Fe 63.41 0.210 1.77 _ 3–2100 

Zn 2.10 0.084 5.40 5.0 0.03–120 

Pb 1.10 0.035 0.33 0.1 8–1020 

Ni 0.38 0.017 _ 3.0 _ 

Table 2 Parameters of groundwater quality compared with WHO and BIS Standards 

Parameter Tamil 
Nadu 
[9] 

Varanasi [10] Solan (H.P) [7] WHO 
(2011) 

BIS 
(10500:2012)Pre-monsoon Post-monsoon Surface 

water 
Ground 
water 

pH 7.63 6.9 7.6 8.28 7.41 6.5–9.2 6.5–8.5 

TDS 862.27 723 1006 389 242 500 500 

EC 
(mS/cm) 

1463.48 1.32 1.49 _ _ 0.3 NM 

Na+ 142.37 137.0 137.4 _ _ 200 NM 

Ca 84.74 24.23 57.00 _ _ 150 75 

Mg 55.72 26.7 2.33 _ _ 200 30 

SO4− 81.74 _ 1.06 _ _ 400 400 

Flouride 0.80 0.51 0.24 _ _ 1.5 1.0 

BOD _ 3.11 1.57 6.2 Nil _ _ 

COD _ 67.8 93.52 20 Nil _ _
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Fig. 3 Various methods for landfill leachate treatment 

4 Treatment Techniques 

4.1 Leachate Treatment 

Landfill leachates are treated using various techniques categorized as physicochem-
ical, biological methods, and combined methods (Fig. 3). 

4.1.1 Physicochemical Treatments 

Physicochemical treatment divides into several parts: adsorption, coagulation-
flocculation, advanced oxidation processes, membrane treatment chemical precipi-
tation. In adsorption, the pollutants are stick to the surface of the adsorbent [11]. In 
coagulation-flocculation chemical, reagents are used to destabilize and to increase 
the size of the suspended particles. A large number of small particles aggregate to 
form flocs. These solids can then be separated from the liquid by physical separa-
tion. Physical separation usually includes sedimentation, decantation, and filtration 
[12, 13]. Most often, organic materials are removed from wastewater through oxida-
tion with hydroxyl radicals. NH4 

+-N and heavy metals negatively affect the landfill 
leachate in the biological process and are eliminated by pre-treatment strategy in 
the chemical precipitation method. Chemical precipitation is widely employed for 
landfill leachate treatment due to its high potential, simplicity, and low cost [14].
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4.1.2 Biological Treatment 

Biological treatment methods are commonly used for landfill leachate due to their 
cost-effectiveness. It eliminates the organic compound from the landfill leachate 
but is not able to eradicate the non-biodegradable organics and heavy metals. It is 
mainly used due to its low environmental impacts and economic costs. Biological 
processes are distinguished into two groups, (1) aerobic biological process (with 
oxygen) (2) anaerobic biological process (without oxygen). For the elimination of 
contamination from landfill leachates, microorganisms and bacteria are used in this 
process. During this process, the microbial metabolism of living cells increases at 
this stage; such metabolic conditions can eliminate the leachate parameters [15]. 
The impact of biological treatment primarily depends on the composition of landfill 
leachate and its types. So usually, young landfill leachates are selected for biological 
treatments due to their biodegradability. 

4.1.3 Combined Treatment 

By combining techniques, for instance, physical/chemical treatment with biological 
treatment, efficiency of metal removal can be enhanced. Due to the low demand for 
biodegradability and high concentrations of ammonia and chemical oxygen demand 
combined technique proved to be efficient in studies done earlier. In these tech-
niques, removal efficiency can be increased while keeping energy consumption low 
[16]. Various physical/chemical combined methods include AOPs combined with 
the membrane, AOPs combined with coagulation, AOPs combined with adsorption, 
and membrane filtration with coagulation or adsorption. Biological treatments are 
often integrated with adsorption, AOP, coagulation, membrane methods in hybrid 
physical/chemical and biological processes. 

5 Conclusion 

The properties of leachate BOD, COD, and ratios of BOD/COD are essential to assess 
the selection of treatment techniques for landfill leachate. Even if landfill leachates 
have the same COD value, their chemical compositions differ significantly, leading 
to significant differences in their treatment performance. Thus, it is important to 
acknowledge the structural properties of leachate dissolved organic matter and the 
changes made during treatment to select the most appropriate and economically 
feasible treatment method. These toxic landfill leachates pose a threat badly to the 
environment and living beings. After the proper treatment of the landfill, leachate 
can be disposed of in the environment. Analysis of the groundwater gives infor-
mation about the impact of pollutants on groundwater quality. Water quality index 
results show groundwater quality has moderately changed from good to medium over 
time and the water near the landfill area was quietly threatened. Studying the future



62 S. Ranjan et al.

effects of open dumping landfill sites on groundwater could be extremely helpful in 
protecting it from becoming a toxic water source surrounding the outlet. 
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The Potential of Chrysopogon Zizanioides 
(L.) Nash in Remediation of Heavy 
Metal-Contaminated Land—A Review 

Pawan Kumar and V. P. Singh 

1 Introduction 

One of the major environmental problems facing the world today is the environmental 
contamination by toxic chemicals which is a result of industrialization, urbanization, 
and extensive use of pesticides in agricultural production. Phytoremediation a group 
of technologies that utilize green plants and its associated microbes for removing 
contaminants from soil/sediment and water (Fig. 1). It is becoming popular due 
to its reduced remediation cost when compared to other conventional remediation 
techniques and methods. The collaboration of vetiver grass (VG) and its associated 
microorganisms in phytoremediation process is an important tool for its effective 
force to remove the environmental contaminants. Vetiver is a fast-growing perennial, 
tussock grass belonging to the family Poaceae and native to India. The VG is widely 
cultivated in tropical and sub-tropical reasons of the world, and it was first used for 
soil restoration purposes in Fiji during 1950. The vetiver, Chrysopogon zizanioides 
(L.) Roberty, formerly known as Vetiver zizanioides (L.) Nash, was first developed 
by the World Bank for soil and water conservation in India in the mid-1980s [1]. The 
vetiver grass has a well-developed root system which is useful for environmental 
restoration.

The stiff and erect shoots of VG form a dense funnel and umbrella-shaped struc-
ture with its leaves angled between 45° and 135° from horizontal (Fig. 2). According 
to the moving position of the sun, this structure provides longer exposure of sunlight 
interception on each and every leaf. The vetiver had been grown and used to prevent 
soil erosion, landslides, and to treat the contaminated environment since early 1990
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Fig. 1 Phytoremediation strategies of vetiver

[2]. Vetiver system prevents soil erosion, preserves rain water, stabilizes earth, beau-
tifies landscapes, purifies wastewater, remediates contaminated soils, keeps away 
pests, and stabilizes slope due to its enhanced root structures. It has advanced char-
acteristics for remediation of soil and water, i.e., resistant to high level of pollution, 
produces huge biomass due to high C4 photosynthetic efficiency, fast-growing plants 
with strong, deep, and complex root system [3]. The vetiver grows very fast and is 
capable of reaching down up to 3–4 m within first year of plantation [4]. The fine 
structured root of VG reinforces the soil mass and makes them very difficult to be 
dislodged under high water flow velocity (Fig. 2). When planted together, the stiff 
and erect stem forms dense hedges, which stand up with relative deep-water flows, 
reduce the velocity of flow, and trap the soil and sediments. The vetiver grass has a 
unique characteristics of a xerophytes which makes it suitable to survive under long 
flooding and drought conditions [5].

In Malaysia, China, and Madagascar, it is being utilized in stabilization of steep 
slope for protection of infrastructure. It is capable of withstanding extremely adverse 
environmental conditions in Australia (15–30 S) (Table 1). The accumulation of 
heavy metals in the root and shoot of VG neither affects its growth nor makes it toxic 
for its further utilization. Its unique morphological behavior and mycorrhizal associ-
ation, within its root, enables it to withstand with the high toxic metal concentration 
in the soil.
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Fig. 2 Dense and funnel-shaped structure of shoot and massive structured fine root of vetiver [6]

Table 1 Adaptability range of vetiver plant in Australian Environment [7] 

Adverse soil condition Heavy metals concentration Climatic conditions 

Conditions Value Conditions Value (mg/kg) Conditions Value 

Acidity (pH) 3.3–9.5 As 100 - 250 Annual 
rainfall (cm) 

45–400 

Aluminum 68–87% Cd 20 Winter 
temperature 

−11 °C 

Magnesium 2400 mg/kg Cr 200–600 Summer 
temperature 

45 °C 

Manganese >578 mg/kg Cu 35–50 Drought 1.25 years 

Salinity 17.5–47.5 mS 
cm−1 

Pb >1500 Palatability Dairy cows, 
cattle, horse, 
rabbits, sheep 
kangaroo 

Sodium 
exchange rate 

48% Zn >750 Nutritional 
value 

N = 1.10%; 
P = 0.17%; 
K = 2.20% 

Ni 50–100 

Phytoremediation of contaminated soil and water through VG concentrates mainly 
on two processes: phytostabilization, where roots of plants immobilize the heavy 
metals in the soil, and phytoextraction, where roots of plants translocate metals from 
contaminated soil to their above ground harvestable parts. The vetiver system (VS) 
is a universal remedy and a proven technological solution for several environmental
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problems like soil and water conservation, treatment waste water effluents, contam-
inated soil remediation, stabilization of embankment and fly ash ponds, controlling 
the flood flow, and mitigation of various other types of pollution. During 1998, the 
VS has provided a very effective protection against high cyclonic situation in many 
Central American countries due to El-Nino effects. VG is a non-aggressive plant; it 
flowers but produces no seeds; therefore, it has to be established by crown splitting. 
It can be easily killed either by spraying glyphosate or uprooting and drying out. Due 
to its eligibility for the sustainable mitigation of environmental contaminations, it is 
found as the best living material that nature has provided to earth for restoring its 
natural environment. The objective of this study is to review the potential of vetiver 
grass in remediation of contaminated lands. 

2 Literature Screening Process 

Data were collected from the Web of Science, Google Scholar, Science Direct, 
Scopus, etc., including science citation index data, journals, proceedings, book chap-
ters, research articles, covering the period 1991–2020. Total number of research 
papers found, on the basis of keyword ‘vetiver’, were 370. To select the major 
journals, we started with International Journal of Phytoremediation and Inter-
national Vetiver Conference (International Vetiver Network), which has been 
regarded as the core field in the phytoremediation through vetiver. After that 
the data were collected from other journals which had published ‘the poten-
tials of vetiver grass against contamination’ related articles from several journals. 
Various different keyword had been used to search the literatures, i.e., Vetiveria 
zizanioides (L.) Nash/Vetiver grass/phytoremediation of contaminated soil/metal 
uptake/sustainability/socioeconomic consideration. The screening of these litera-
tures has been achieved by reviewing the images, graphs, and tables present in those 
literatures. 

2.1 Selection of Plant Growth Media 

The vetiver grass had been selected for remediation of contaminated soil, water, 
and sediments. The medium was either contaminated by industrial activity or by 
artificially considering different concentration of salts of heavy metals (Table 2). 
Some researchers had considered soil contaminated by effluent of mine tailings for 
study the growth and remediation potential of VG. Hydroponic treatment with green 
house experiment had been also used for the study of VG potential. Various types 
of soil, i.e., sandy soil, sandy loamy soil, silty soil, clay loam, laterite soil etc., had 
been used by various researchers to study the growth and behavior of vetiver under 
phytoremediation strategy.
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Table 2 Heavy metal salts used for artificial soil contamination in phytoremediation study by 
vetiver grass 

S. No. Metals Metal salt Chemical formula References 

1 Cd Cadmium nitrate 
Cadmium chloride 

Cd(NO3)2.4H2O 
CdCl2.5H2O 

[8–12] 

2 Cr Potassium dichromate 
Chromium chloride 
Potassium chromate 
Chromium sulfate 
Chromium (III) nitrate 
non-hydrate 

K2Cr2O7 
CrCl3 
K2CrO4 
Cr2(SO4)3.2H2O 
Cr2(NO3)3 

[13–17] 

3 Cu Copper chloride 
Copper carbonate 
Copper acetate 
mono-hydrate 
Copper sulfate 
Ferrous sulfate 
Ferric chloride 
Fe-EDDHA 

CuCl2).2H2O 
CuCO3 
Cu(C2H3O)2.H2O 
CuSO4.5H2O 
FeSO4 
FeCl3 
Fe-EDDHA 

[8, 9, 16, 18] 

4 Mn Manganese chloride 
Manganese sulfate 

MnCl2.4H2O 
MnSO4.H2O 

[8, 11, 19] 

5 Pb Lead carbonate basic, 
(Resp.) 
Lead hydroxides 
Lead sulfide 
Lead chloride 
Lead nitrate 
Lead carbonate 

(PbCO3)2 
Pb(OH)2 
PbS 
PbCl2 
Pb(NO3)2 
PbCO3 

[8, 9, 20] 
[11, 12, 21] 
[16, 18, 22–25] 

6 Zn Triuranium octoxide 
Zinc carbonate 
Zinc chloride 
Zinc oxide 
Zinc sulfide 
Zinc sulfate 

U3O8 
ZnCO3 
ZnCl2 
ZnO 
ZnS 
ZnSO4.7H2O 

[8, 9, 12] 
[16, 18, 19] 

3 Soil, Water, and Sediment Contamination Procedure 

The vetiver is xerophytes (drought tolerant) as well as hydrophytes (wetland plants). 
The media used for the study was contaminated either by industrial effluents of or by 
artificially in the laboratory scale by selecting the range of concentration of contam-
inants. In the laboratory scale, two types of study have been done on the basis of 
soil contamination a) artificially contaminated soil for study b) soil contaminated 
by industrial activities obtained for study. Various contaminants that have been used 
to contaminate the soil naturally or artificially and will be used in phytoremedia-
tion studies by using vetiver in laboratory/field studies using vetiver-assisted biore-
mediation include heavy metals, radioactive elements, pesticides and herbicides, 
chlorinated solvents, petroleum hydrocarbon (BTEX), polychlorinated biphenyls,
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polynuclear aromatic hydrocarbons (PAHs), and explosives. Several heavy metals 
salt that had been utilized by various researchers as a representative of heavy 
metals, to contaminate the soil artificially for the study of phytoremediation process 
through VG. Some researchers have also used the chelating agents, i.e., EDTA with 
(NH4)2SO4 and (NH4NO3) in the laboratory scale study, to increase the bioavail-
ability of contaminants within the soil and water. Table 3 shows the list of heavy 
metals with their respective salts and their concentration used to contaminate the soil 
artificially for the study of the potential of VG in phytoremediation. 

Table 3 Heavy metals, their salts and amount used 

S. No. Heavy metals Metal salt used Concentration (mg/kg) References 

1 Arsenic (As) Na2HAsSO4.7H2O 10, 40, 70, and 110 [26] 

2 Boron (B) and Lead 
(Pb) 

H3BO4 and Pb(NO3)2 0, 45, 90, 180 kg/ha [24] 

3 Cadmium 
(Cd) 

Cd(NO3)2·4H2O 0, 10, 20, and 40 [10] 

4 Chromium 
(Cr) 

K2Cr2O7 5, 10, 30, and 70 [13] 

5 Chromium 
(Cr) 

CrCl3.6H2O and  
K2CrO4 

0, 100, 500 [27] 

6 Chromium 
(Cr) 

K2CrO4 0, 1.25, 2.5, 5.0, 10.0 [15] 

7 Chromium 
(Cr) 
Chromium 
(Cr) 

Cr2(SO4)3.2H2O and  
K2Cr2O7 
CrCl3 

250 and 100 resp. 
623 

[14] 

8 Copper (Cu) 
Lead (Pb) 
Zinc (Zn) 
Cadmium (Cd) 

CuCl2, 
PbCl2, 
ZnCl2 
CdCl2, 

190 
621 
653 
10, 30, 60 

[16] 

9 Copper (Cu) 
Lead (Pb) 
Zinc (Zn) 
Copper (Cu) 

CuCl2, 
Pb(NO3)2 
ZnCl2 
Cu(C2H3O)2H2O 

50, 70, 100 
100, 300, 700 
300, 400, 500 
0, 100, 400, 1600 

[9] 

10 Lead (Pb) 
Zinc (Zn) 

Pb(NO3)2, and  ZnO 0, 500, 2000, 8000 
0, 400, 1600, 6400 

[18] 

11 Lead (Pb) and Calcium 
(Ca) 

Pb(NO3)2 and CaCO3 4000 
0, 2000, 4000, 6000 

[21] 

12 Lead (Pb) Pb(NO3)2 50, 200, 400, 800 [19] 

13 Lead (Pb) Pb(NO3)2 0, 500, 2500, 5000 [23] 

14 Lead (Pb) Pb(NO3)2 5, 7, 9, 11 [22]
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Table 4 Concentration 
ranges and guidelines of some 
toxic metals for 
soil/sediments [28] 

S. No. Toxic metal Soil/sediments 
(mg/kg) 

Guidelines 
(mg/kg) 

1 Arsenic (As) 0.1–102 19 

2 Cadmium (Cd) 0.10–345 78 

3 Chromium (Cr) 0.05–3950 – 

4 Copper (Cu) 0.03–550 3100 

5 Nickle (Ni) – 1600 

6 Manganese (Mn) – 11,000 

7 Mercury (Hg) <0.01–1800 23 

8 Lead (Pb) 1.00–69,000 400 

9 Selenium (Se) 0.15–5000 390 

10 Zinc (Zn) 150.0–5000 1500 

4 Methodology for Research Work 

Based on the previous literatures, it is observed that following methodologies have 
been adapted by various researchers such as (a) laboratory study (Pot scale, batch 
scale), (b) Pot scale study under greenhouse effect, (c) hydroponic study, (d) field 
scale study, had been conducted to study the growth and decontamination potential 
of vetiver. The soil is said be contaminated if it had foreign particles within it above 
certain limit set by standards of regulating authority based on previous research data 
(Table 4). 

After going through the previous published research articles on vetiver grass, few 
literatures were selected for detailed discussion which includes 23 articles under 
laboratory scale study, 13 articles under greenhouse study, 11 articles under field 
scale study, and 7 articles under hydroponic scale study. 

5 Discussion 

The VS is an effective technological solution for environment protection demon-
strated over the world. Due to its unique morphological and physiological character-
istics, it is cost-effective, environment friendly, and practical bioremediation tool for 
the protection of soil, water, and tolerant to highly contaminated soil. The chemical 
formula of VG composed by its ultimate analysis is CH1.57O0.91N0.012 [29]. To 
obtain fast growth of VG system, it should be planted during the late winter season 
of February and March. The VG planted in clayey soil was the tallest and had the 
largest number of sprouts per plant, which may be due to the high water holding 
capacity and soil fertility [30].
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5.1 Vetiver with Heavy Metals 

Two main species of VG (Chrysopogon zizanioides and Chrysopogon nemoralis) 
which showed similar trends in their ability to remediate contaminated soil by heavy 
metals. The absorbing potential of VG for heavy metals has been studied in labo-
ratory field and greenhouse scale doing wide range of experiments. Naturally and 
artificially contaminated soils have been used to investigate the potential of VG to 
deal with several heavy metals [31]. The combination of VG system with oil produc-
tion had improved the profitability of phytoremediation of Pb contaminated soil [32]. 
The VG is able to extract and store the heavy metals in its roots, so the toxic heavy 
metals cannot enter into the food chain, which is a good attribute for phytoreme-
diation technique [33]. For the pot experiments, when vetiver plants were grown 
mature, the heavy metals concentration in the shoot were decreased, may be due 
to dilution effects, while the heavy metals concentration in the root was increased. 
The reason behind this phenomenon is the spatial limitation of pot on root growth 
and the restricted translocation of metals from roots to aerial parts, as a result the 
accumulation of metals in the roots increased. The vetiver under phytoextraction 
experiments showed that it can be considered as a hyperaccumulator plant for Pb 
and Zn, but it can accumulate very low concentrations of Cr and Cu in its root and 
shoot. VG can grow and develop in the sandy soil and clay with Cd concentrations 
from 10 to 60 ppm, Zn concentrations from 300 to 500 ppm, Cu concentrations from 
50 to 100 ppm, and Pb concentrations from 100 to 700 ppm. In the four heavy metals 
tested (Cd, Cu, Pb, and Zn), uptake and transport of Zn from root to shoot in VG 
is the highest, whereas the ability of absorption and translocation of Cu and Pb in 
medium and low, especially for Cd is very low [9]. The root of the VG acts as a 
barrier against arsenic translocation, with a maximum accumulation of arsenic in the 
roots (494.50 ppm) that was almost seven times higher than in the shoots (71.92 ppm) 
and nearly sixteen times higher than in the leaves (30.05 ppm). Among the various 
others heavy metals analyzed in vetiver plant tissues, the chromium and zinc had the 
highest accumulation in the shoots, with values above 5–30 ppm for chromium and 
100–400 ppm for zinc [34]. 

5.2 Accumulation of Metal Within Vetiver Grass 

The number of heavy metals absorbed by VG was evaluated by two important param-
eters, translocation factor and bioaccumulation factor. The translocation factor is 
defined as a ratio of metals stored in shoot to the metals stored in the roots. The 
bioaccumulation factor is considered as the ratio of metals stored in root or shoot 
to metals amount in soil. From the previous literature, it has been found that that 
vetiver can accumulate the heavy metals within its fine structured roots (maximum) 
and can also transfer them to shoots and leaves (less than its root). The absorption of 
chromium was found higher in its roots, when chromium was treated with 5–10 mg
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Cr/kg of soil, whereas chromium accumulates in the leaves of vetiver when it was 
planted 30–70 mg Cr/kg of soil. On the basis of the amount distributed over root 
and shoot of VG, the metals can be categorized in 3 groups: (a) low proportion of 
absorbed metals translocated to shoot such as As, Cd, Cr, and Hg (1–6%), (b) a 
moderate proportion translocated to the shoots of Cu, Ni, and Se (16–45%), and (c) 
Pb and Zn were almost evenly distributed between shoot and root (>45%) [31]. The 
accumulation of Fe by the vetiver roots was found nearly 3377.09 mg/kg, which is 
three times higher than the sprouts having 1037.49 mg/kg and almost nine times 
higher than absorbed by the leaves 362.77 mg/kg. The metabolism and productivity 
of VG did not found to be affected by the accumulation of metals in plant tissues, 
which makes VG to tolerate and adapt the heavy metal-induced stress. 

6 Concluding Remarks 

Being native to India, Chrysopogon zizanioides (L.) Roberty syn. Vetiveria zizan-
ioides (L.) Nash is a perennial and tussock grass of the Poaceae family (subfamily 
Panicoideae). The VS has been used in more than 100 countries of Asia, Africa, 
Oceania, and Central America, for soil and water conservation, stabilization of infras-
tructure, pollution mitigation, wastewater treatment, sediment control, prevention of 
storm damage, and other environmental rehabilitation with other several applica-
tions through bioremediation process. The phytoremediation potential of VG for of 
heavy metals and organic wastes is superior to other plant species due to its high 
biomass production, rapid growth rate, high survival rate, and high accumulation 
potential. It can produce huge amount of biomass and highly tolerate to adverse 
climatic conditions such as drought, flood, submergence and high temperature vari-
ation, highly acidic, alkaline, saline and sodic soils with high levels of aluminum 
and manganese, and a wide range of toxic metals with the maximum concentra-
tion such as arsenic (959 mg/kg), boron (180 mg/kg), cadmium (60 mg/kg), copper 
(3291 mg/kg), chromium (2290 mg/kg), lead (10750 mg/kg), and zinc (2472 mg/kg). 
6 cm root length of VG was observed as optimal root length that could help to grow 
fast and accumulate large amount of cadmium within its tissues. The remediation 
ability of plants for heavy metals contaminated soils can be analyzed by TF and BF. 
The uptake and accumulation of heavy metals, such as As, Cd, Cr, Cu, Hg, Mn, Ni, 
Pb, and Zn, were found higher in roots, and some amounts have been translocated in 
shoot. Its efficiency of uptake and accumulation of metals within its roots and shoot 
can be increased with the addition of chelators. The accumulation of metals (Fe, Mn, 
Zn, Cr, and Cu) in plant tissues does not reflect any major adverse effect on plant 
metabolism and its productivity. The VG with its roots together constitutes a carbon 
sink of more than 1,00,000 kg/hectare/day, reducing the global warming. Due to its 
ability of extraction, translocation, and confinement of the major toxic metals and 
organic waste within its roots and shoots, the VG is considered as an excellent and 
ideal candidate for the bioremediation of contaminated soil and water with metals 
and organic wastes.
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6.1 Application of Vetiver System 

The VS is a very efficient, esthetically looking pleasant and cost-effective methods 
for treating contaminated soil, sediments and wastewater effluent, and leachate of 
domestic and industrial sources. The paste of roots and shoots of vetiver grass had 
been used for medicinal purposes for long time by several Indian tribes. It is used 
for stabilization of coal fly ash due to its fine root structures. Its shoots, due to 
least storage of heavy metals in leaves tissues from fly ash, can be safely grazed by 
animals. The vetiver has been proved as a practical and environment friendly tool for 
restoration of dumpsites of fly ash. Holocellulose (cellulose plus hemicellulose) has 
been found in its compositions is 44.66% by weight and lignin 33.07%; therefore, it 
can be beneficial to extract activated carbon from the VG due to sufficient amount 
of lignin present. Due to its complex and fine structured root system, vetiver is used 
for slope stability in rural areas and oil production. It provides green and beautiful 
esthetical looks along the highway embankments used for stability of slopes. 

7 Future Research Possibilities 

The phytoremediation of contaminated soil and water is a sustainable and eco-
friendly techniques with its least application cost and low maintenance. The safe 
disposal of post-remediation biomass is an emerging topic for research in the field 
of phytoremediation. There are several possibilities for research to be worked on the 
fate of heavy metals absorbed by vetiver grass after phytoremediation project. The 
assessment of health risk analysis for utilization of ash containing heavy metals in the 
construction industries such as brick works and as a fill material beneath the flyover 
bridges. The biomass of vetiver grass can be used as fuel due to presence of lignin 
and cellulose. The utilization of post-remediated biomass as a compressed pallet in 
the thermal power plant for energy production can be studied due to higher calorific 
value of vetiver grass (40% of benzoic acid). There are several research possibilities 
on post-remediated contaminated biomass such as production of activated carbon 
and accumulated metals in the plant biomass can be regain through the phytomining 
or metal recovery processes. 
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Performance Evolution and Analytical 
Approach of Air Pollution Control 
System in Al Foundry 

Anas Khan, Shaurya Kumar Singh, Davinder Singh, and Tarun Kumar 

1 Introduction 

A significant issue has been air contamination from squander vapour, exhaust and 
deposits created in the foundry. Consistently our globe handles around 2.5 billion 
tons of crude and non-mineral products. This prompts the arrival of 200 just as 250 
million tons of compressed canned products and 250 million tons of sulphur dioxide 
just as a critical extent of other dangerous organization blends [1]. A sweeping 
methodology to battling contamination is expected; solid advances should be taken 
to lessen the amount of toxin delivered at each conceivable area. The reuse of waste 
gas and the improvement of a maintainable waste administration framework may 
add to an economical future. The presentation begins with an outline of the organi-
zation’s distinctive cycle types, a portrayal of spreads and a conversation of advance-
ments used to direct surges from foundries, particularly those engaged with optional 
aluminium reusing and projecting.
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1.1 Objective of the Air Pollution Control System 
for Secondary Al Recycling and Casting Process 

• Exhaust emissions may be cleaned using a variety of methods. This system 
consists of a burner, cooling towers, bag house filters, an aluminium melting 
crucible furnace, a chimney linked to a suction blower, and extremely effective 
wet scrubbers. 

• This system is responsible for the regulation of critical parameters such as NO2, 
SO2, CO and suspended particle counts. The remaining gas is now totally dry and 
particle-free and is ready to leave the chimney through the flue. 

• This sector offers a tremendous amount of room for growth and technical progress. 
Combustion analysis and fuel efficiency improvements, as well as the installa-
tion of this pollution control system, would substantially boost this industry’s 
competitiveness. 

Pollution control systems are a need in the modern day. Air pollutants are produced 
both naturally (through volcanic eruptions and wildfires) and artificially (by mobile 
and permanent sources). Portable sources are those that move, like airplane, trains 
and vehicles, while fixed sources are those that are set up, for example, power plants, 
businesses and different offices. Critical sources radiate no less than 11 tons of a 
solitary air poison or possibly 26 tons of a blend of air harms, while district sources 
discharge under 11 tons of a solitary tainting or under 26 tons of a mix of defilements. 
At the point when pollutions from compact or fixed sources arrive at adequately high 
focuses, they can detrimentally affect the air, the overall environment, and human 
life, like expanding the normal worldwide temperature, diminishing air detectable 
quality, corrupting air quality and weakening human prosperity. The Natural Assur-
ance Office (EPA) endorsed the Spotless Air Act (CAA), which forced limitations 
on both the sources and beneficiaries of air contamination to alleviate their hostile 
consequences for the air, the environment and human existence. 

The EPA regulates three kinds of pollutants: criterion air pollutants, air toxics and 
greenhouse gases. 

Criteria air poisons are an assortment of six significant sorts of air contamination— 
particulate matter (PM), photochemical oxidants (e.g. ozone), carbon monoxide, 
sulphur oxide, nitrogen oxide and lead—that can adversely affect human well-being 
and government help, the climate and environment and close by structures. 

• The expression “air toxics” alludes to an assortment of more than 180 air poisons, 
including regular artificial materials, unstable natural mixtures (VOCs), metals 
and metal combinations, for example, empowers, solvents, mercury, arsenic, 
asbestos and benzene, that can have inconvenient well-being and environmental 
impacts regardless, when present in higher fixations and delivered by less sources 
than model toxins. 

• Ozone depleting substances (GHGs) are gases like carbon dioxide, chlorofluo-
rocarbons (CFCs), methane and ozone that antagonistically impact human well-
being and add to the strengthening of earth’s ecological impact and ensuing effect
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on the worldwide climate. In total, the guidelines overseeing these different sorts 
of air poisons direct a portion of the variables that enterprises should consider 
staying agreeable with EPA principles, for example, carrying out the vital and 
appropriate air contamination control gear and frameworks and keeping away 
from government repercussions. 

Industrial Applications of Air Pollution Control Equipment 

• Nuclear power plants 
• Metallurgical facilities 
• Refineries of petroleum and natural gas 
• Mills de papier 
• Coating and printing establishments 
• Manufacturing of chemicals 
• Manufacturing of rubber and plastic 
• Refineries of petroleum and natural gas 
• Controlling Methods In foundries for Air Emission. 

For foundry particles, there are two principle gathering strategies: wet and dry. Wet 
scrubbers are accessible in low-and high-energy arrangements. Bughouses, mechan-
ical authorities and electrostatic precipitators are generally instances of dry gathering. 
Furthermore, cremation or max engine thrust might be expected to decrease natural 
compound emanations. Exceptional consideration ought to be given to air toxics, 
which requires cautious choice of the discharge control method. 

Scrubbers—Scrubbers, sometimes referred to as gas scrubbers, are devices that 
purify air emissions. Their technique enables them to halt the subsequent polluting 
release, which is as damaging to the atmosphere as sulphur spewed by ships. Scrub-
bers, who are shaped like cylindrical tanks, collect this gas and use liquid to neutralize 
the contaminants’ components. Depending on the pollutants to be treated, the liquid 
may be water, a chemical reagent, or a combination of the two. 

Nitrogen derivatives may be absorbed in an acidic environment, while sulphur 
derivatives can be eliminated in an alkaline or oxidising environment. There are also 
certain pollutants that are very water soluble and do not need the use of chemical 
reagents during the washing procedure. 

However, the outcome of liquid-gas interaction is always the same: separation of 
contaminating molecules. This results in the production of a non-toxic, clean gas 
that may be released into the atmosphere. 

Wet Scrubbers are based upon the inertia based impaction of particles and direct 
throw or interception of those particles which are employed in the wet-type collector 
to capture and accumulate the particles. These might be utilized alone or in mix. 
Free researchers set up the contact power theory, which contends that the assortment 
effectiveness of an all-around planned wet scrubber is a component of the energy 
utilized noticeable all around to-water contact measure and isn’t dependent on the 
authority plan. 

On this reason, it is sensible to expect comparable execution from very much 
planned authorities working at or close to a similar pressing factor drop. All wet
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Fig. 1 Wet scrubber 

authorities have a fragmentary proficiency trademark, which implies that their 
cleaning viability shifts as indicated by the molecule size being gathered. Overall, 
gatherers working at extremely low pressing factor misfortune recuperate simply 
medium to coarse particles. 

More prominent energy input is needed for high-effectiveness assortment of 
minuscule particles, which is reflected in expanded authority pressure misfortune. 
Alongside molecule matter, gas scrubbers might be used to lessen smells, dangerous, 
and sulphur dioxide outflows. Acids, bases or oxidizing specialists may should be 
added to the cleaning arrangements in this example. This stream should be discarded 
as per metal embellishment and projecting gushing guidelines (Fig. 1). 

2 Methodology 

Various methods exist for cleaning exhaust gases from optional aluminium reusing 
and projecting cycles. This framework is involved a burner, cooling towers, pack 
house channels, an aluminium dissolving cauldron heater, a stack associated with a 
pull blower, and profoundly effective wet scrubbers. We need to recommend that this
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is a productive methodology for decreasing air discharges in foundries and adding 
to the making of a perfect climate. 

This framework is answerable for checking and controlling key boundaries like 
NO2, SO2, CO and suspended molecule matter. We will show the variation of NOx, 
SOx and SPM by trend line equation as shown in Figs. 2, 3 and 4 and calculate the 
stimulated model and from stimulated model we will show the standard deviation in 
graph as shown in Figs. 5, 6 and 7. 

The exertion might be cantered around receiving this methodology that is 
advantageous for limiting, treating and discarding air discharges.

Fig. 2 Trend of individual values of oxides of nitrogen 

Fig. 3 Trend of individual values of oxides of sulphur
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Fig. 4 Trend of Individual values of suspended particulate matter 

Fig. 5 Standard deviation of oxides of nitrogen

3 Result and Discussion 

Individually, three graphs are plotted which include SOx, NOx and SPM with the 
trend line equation and linear line (dotted line). From the previous research data, 
i.e. observed value. Thus, calculated value are obtained by taking in consideration 
the 75% previous research data, that is observed data and from remaining 25% data 
having both x and y values from observed data (previous data) are obtained and from 
25% data graphs are plotted of SOx, NOx and SPM, respectively. So, from 25% data 
we will get the stimulated model and from stimulated model the standard deviation 
of SOx, NOx and SPM will obtained and analysed.
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Fig. 6 Standard deviation of oxides of sulphur 

Fig. 7 Standard deviation of suspended particulate matter

Hence, standard deviation of NOx, SOx and SPM is secure between the 75% 
observed value (i.e. previous research data) and 25% calculated value. Proceeds 
both observed value and calculated value in account separate graph of NOx, SOx 
and SPM is plotted.
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4 Conclusions 

Al recycling and casting may be carried out without causing harm to the environment. 
This envisions the future of the aluminium scrap recycling and casting sectors being 
indigenous via structured and scientific metal scrapping and collecting facilities 
spread throughout India, reducing India’s reliance on scrap imports. Additionally, 
remelting facilities create high-quality goods for a variety of industries. This will 
improve the Al sector’s resource efficiency. 

Disciplined worker conduct is also critical for meeting environmental, health, and 
safety requirements. Continuous education and training of employees and workers is 
therefore necessary for the establishment and maintenance of these standards. Envi-
ronmental, health and safety controls that are satisfactory can only be accomplished 
via the proper operation and maintenance of production and pollution control facil-
ities. The environment should be checked on a frequent basis to verify that control 
mechanisms are operating efficiently. 

Environmental control technologies have been created and are accessible. It is 
just a matter of selecting the appropriate technology for the particular circumstances. 
Pollution control facilities should be incorporated into manufacturing plants. Envi-
ronmental impact assessment is critical for making the final choice between various 
plant locations and facility designs. Top management should have a strong policy 
in place to safeguard the environment and the health and safety of employees. This 
policy should be integrated into the activities of the entire workforce, with adequate 
resource allocation and periodic monitoring. 
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Recovery Techniques and LCA Involved 
with Municipal Solid Waste Bottom Ash 
Treatment: A Review 

Pravez Alam, Sanjeev Kumar, Davinder Singh, and Tarun Kumar 

1 Introduction 

Effective management of the daily production of municipal solid waste (MSW) is 
an urgent environmental issue. Various factors are responsible for the rapid increase 
of daily MSW in both urban and rural areas at a global level out of which improved 
lifestyle and increased population is the important ones. The World Bank study 
predicts a massive production of 6.1 MT/day by the year 2025 (The World Bank, 
2019). Waste generation of such a huge number requires effective implementation 
of scientific technologies at both the point of generation and final disposal. Land-
filling being the popular option of waste disposal has certain limitations, whereas 
the incineration of MSW comes with its environmental drawbacks. The wastes to 
energy generation (WTE) plants are the new popular means to meet the energy 
demand while dealing with MSW at the one end [1, 2]. These plants are designed 
and operated scientifically, and hence, the economic output compensates for the envi-
ronmental setbacks. The concept of circular economy promotes the addition of final 
residues from these facilities to work with the production of essentials. 

Studies suggest applications of bottom ash (BA) and fly ash (FA) in a variety of 
civil engineering applications. Many countries in Europe are already allowing BA 
usage as unbound construction aggregates as a replacement of natural aggregates in 
the subbase layers [3]. Further, applications include replacement in a definite amount 
in mortar, concrete, and building blocks productions [4, 5]. Since the composition 
of the residues depends directly on the type of the raw feed, the residue hence 
requires proper monitoring and examination for further applications. The chemical
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Table 1 Chemical composition of MSW BA from recent studies 

Components (wt.%) [8] [9] [10] [11] [12] [13] [14] 

Fe2O3 4.93 12.13 2.93 1.25 14.4 10.02 5.29 

SiO2 55.37 39.73 34.5 11.83 37.2 32.75 54.43 

Al2O3 9.20 9.09 4.38 7.28 11.7 8.57 10.11 

CaO 19.39 14.69 5.26 48.1 18.7 29.06 18.71 

K2O 0.43 0.91 0.88 3.65 1.2 1.24 0.52 

MgO 0.41 2.10 1.52 2.07 2.6 1.75 0.53 

P2O5 0.07 – 3.09 0.34 1.6 4.77 0.09 

SO3 1.53 – 5.04 6.76 0.9 3.01 1.67 

Na2O 0.24 1.77 1.63 4.05 – – 0.28 

TiO2 – – 1.12 0.34 1.3 1.57 – 

compositions of MSW BA are from different studies are shown in Table 1. The  
concentrations of certain elements can be controlled using pre-treatment to avoid 
contamination due to certain traces of heavy metals. Due to the highly porous nature 
and poor particle distribution of BA, the applications are limited in the construction 
sector. This is the reason behind direct dumping into landfills [6, 7]. 

The paper gives a comprehensive outlook on different treatment options available 
for BA pre-treatment and their mechanisms. The common issue of leaching of heavy 
metals due to BA disposal in landfills is discussed in detail. The paper highlights 
metal and energy recovery options available due to the implementation of BA in 
industrial use. Studies related to life cycle assessments (LCAs) are also reviewed 
to establish the impact of BA use on the environment and its components. It also 
highlights the importance of a circular economy where BA has the potential to fulfill 
the requirement of the present century while serving the environment and economic 
benefits. 

2 Leaching Mechanism 

The heavy metal present in MSWI bottom ashes is very high compared to other 
combustion residues, posing more difficult tasks which require attention. When the 
majority of MSWI BA are disposed of at the designated sites, these water-soluble 
ions are likely to separate and join the environment. To minimize the effect, an 
immediate and viable process is needed to combat and prevent various toxic metals 
from being leached [15]. In previous years, incinerated ash has been disposed of 
without any treatment to landfill, which poses a significant danger because wind 
can move particles easily. Due to rain, soluble elements and compounds may leach 
that can affect the environment. For example, particles of such unstable ash will 
eventually reach the food chain through an underground water system. Generally,
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certain elements like Ca, Fe, Si, and Al, which appear in the ashes, typically causing 
toxic metal leaching. Various chemical reagents were used to extract metals from 
ash which, when dumped in the sites, would eventually reduce metal concentrations 
from the ashes. For example, sulfuric acid, nitric acid, and hydrochloric acid can be 
leached to toxic metal in a strongly acidic environment [16]. 

Geochemical process and hydrological factors are two main factors on which the 
leaching of MSWI BA depends. The geochemical process specifies a concentration 
range, while weathering/aging, pH, bulk material, particle size, and liquid-to-solid 
ratio and are included in hydrological factors. Liquid-to-solid ratio and pH are the two 
dominant factors influencing metal mobility. The solubility of metals varies between 
different metal species and changes in the pH are affected. The leaching behavior of 
trace elements therefore highly depends on pH. For metal, leaching is important in 
determining the correct liquid-to-solid ratio. The leaching process increases with a 
high liquid-to-solid ratio [17]. 

3 Pre-treatment Techniques for MSWI Bottom Ash 

The purpose of separation procedures is to increase the quality of bottom ashes and 
also increasing their application. The separation process involves the separation of 
soluble salts, heavy metals, and other compounds through physical, chemical, or 
biological processes. The most common separating methods are washing, leaching, 
and electro-osmosis. 

3.1 Separation Processes 

Washing. This is a common pre-treatment method in which soluble salts are removed 
by water. Soluble substances such as Cl−, K+, and Na+ can be effectively removed 
by washing [18]. The extraction efficiency of Ca and Pb increased with an increase 
in liquid–solid ratio, and it goes to 78.25% and 78%, respectively, when the ratio of 
liquid–solid is 100. However, the extraction efficiency of Cr, Cu, Zn, and Cd was 
unaffected by an increase in the liquid–solid ratio. Silicates and metal sulfides are 
the primary elements after washing [18]. The washing process is simple to use; the 
cost is low, and dust and soluble substances on the surface can be removed easily 
[19]. 

Leaching. Some other solvent solutions can be used for further extraction of heavy 
metals. Heavy metals like Pb, Cu, Al, and Zn can be recovered by the leaching process. 
The leaching agents are classified as the alkaline leaching agent, acid leaching agent, 
and biological leaching agent. The leaching effect is dependent on leaching agents, 
heavy metals, pH, liquid–solid ratios, temperature, and time. HCl, HNO3, H2SO4, 
and other inorganic acids are the acid leaching agents [20]. The extraction efficiency
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of acid leaching is high and also has a good leaching effect, but it is costly. In 
comparison to the acid leaching agent, the alkaline leaching agent is more effective 
for specific metal elements like Pb and Zn [21]. Bioleaching is more environmentally 
friendly in comparison to chemical leaching and was originally used to extract heavy 
metals from minerals. 

Electrodialysis. Electrodialysis is based on the reduction/oxidation reaction at the 
electrode–electrolyte interface [22]. In this process, oxygen is produced by the oxida-
tion reaction of the anode, and metal and hydrogen are produced by the reduction 
reaction of the cathode. Temperature, pH, mixing condition, and current density 
are the influence factor. The inert metal is precipitated first and then active metal 
during the metal precipitation process. In order to increase solution conductivity and 
improve metal leakage performance, alkaline agents, acidic agents, and complexing 
agents can be added to the solution. The metal efficiency can also be increased by 
selective ion exchange [23]. 

3.2 Solidification and Stabilization Technology 

The solidification and stabilization procedure refers to the employment of an additive 
or a binder to chemically and/or physically immobilize hazardous waste content [24]. 
The purpose of stabilization is to reduce the solubility and toxicity of contaminants. 
Binders, such as cement, are typically employed to encapsulate waste material in 
order to immobilize contaminants and minimize leachability. The disadvantage of 
this procedure is that it is not ideal for treating soluble salts, and long-term leaching 
will be an environmental issue [25]. The majority of solidification techniques are 
conceived to increase physical strength and material durability simultaneously. The 
technology for solidification/stabilizations primarily involves cement solidification, 
melting solidification, and chemical stabilization. 

Cement Solidification Technology. This involves mixing the water and cement 
with the BA to occur the hydration reaction and to form a calcium silicate hydrate 
product with low toxicity to the leaching of heavy metal and good stability in the long 
term [26]. Heavy metals can react to cement through sedimentation, ion exchange, 
adsorption, passivation, and other forms during the hydration phase of cement. The 
cement–ash mix showed a behavior close to that of compacted clay. For hazardous 
waste treatment, cement solidification technology is most commonly used world-
wide. The advantages of this technology are low treatment cost, simple technology 
and equipment, a wide source of materials, and high strength [27]. 

Melt Curing Technology. MSWI bottom ash is melted by heating to 1400 °C and 
then cooled into slag. Following melt treatment, BA will decrease in volume by 1/3– 
1/2, with most dioxins decomposed [28]. A totally amorphous, homogenous vitreous 
body is the final product of the melt. The melting temperature and volatilization can 
reduce by adding MgO, SiO2, CaF2, coke, borax, and other auxiliary materials to
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ash. Slag may also be rendered into construction materials or used for the utilization 
of ash as a source of raw materials for ceramics, glass, and other industries [29]. 

Chemical Stabilization. Chemical stabilization is a method of chemical reactions 
to make toxic and hazardous compounds to low toxicity [30]. Organic curing agents 
and inorganic curing agents may be categorized into chemical agents. Na2S, NaOH 
ferrous salt, and phosphate are inorganic curing agents, while EDTA and its sodium 
salt, polyamines, and derivatives are organic curing agents [31]. When the heavy 
metals are solidified in BA with an inorganic curing agent, however, it can help 
secondary heavy metal leaching, which exceeds the standard for the leaching of 
the treated residues. The long-term safety standards for hazardous waste disposal 
are difficult to fulfill [32]. The method of chemical stabilization has the benefits of 
being harmless, less or no compatible, and less expensive than other treatment and 
stabilization methods. 

3.3 Thermal Treatment 

By evaporating at a high temperature, heavy metals can be removed, or stable oxides 
can be formed. This approach works well with Ca, Cr, Pb, and Zn. High temperatures 
can also cause dioxins to degrade. Heat treatment is commonly done at temperatures 
between 1300 and 1400 °C [33]. Heat treatment waste gas contains heavy metal 
contaminants, which must be handled individually [34]. Thermal separation and 
thermal curing are two methods of heat treatment. The separation of heavy metals 
by evaporation at high temperatures is referred to as thermal separation. Thermal 
solidification is the process by which heavy metals are immobilized in materials 
through the production of stable products. The porosity of the products after heat 
treatment is lower, and their strength is higher when compared to those before heat 
treatment. In addition to the above methods of treatment, new processes are being 
developed too. For example, a recent small-scale study has been carried out in the 
CT Fluapur method, combining with a gas reactant which also used as a heat source, 
such as HCl from acid scrubber in an incinerator [35], which indicates that metal 
species like Pb, Cd, Zn, and Cu have almost been removed completely. 

4 Recovery 

4.1 Metal 

Due to mineralogical chemical composition and origin, recovery of BA for secondary 
materials could be difficult due to its contamination with metals and organic contam-
inants. Fe is the most prevalent metal in BA that may be easily separated from other 
metals by means of a magnet. A number of studies have shown that up to 80% of
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Fe can be recovered successfully. The recovery of ferrous metal is influenced by a 
number of different factors. On the other hand, Zn and Cu have a significant monetary 
value and are therefore valuable heavy metals to recover [36]. 

The treatment associated with metal recovery is categorized into three types, i.e., 
wet processing of wet BA, dry processing of wet BA, and dry processing of dry BA. 
The decision between dry and wet BA treatment is determined by the ash discharge 
system. The BA is quenched by contact with water using a wet extraction system and 
then delivered to a bunker using a ram discharger or a chain transport system [37]. 

Metal recovery treatment trains can be approached in two ways, without any aim of 
using the mineral component in building or with the aim to use the mineral component 
in the construction industry. These objectives guide the entire BA treatment process, 
from the discharge system to crushing and aging. Because BA can be used as a 
subbase layer in pavement construction when discharged wet and aged, crushing 
must be confined to large oversized particles over 40 mm. Instead, if the mineral 
component of BA dry discharge will not be used, it has various advantages and 
increases metal recovery from fine particles. 

4.2 Energy 

Paper, cardboard, glass, wood, rubber, plastic, biological waste, and textiles are the 
most common materials found in MSW. As a result, the energy-yielding components 
of MSW account for approximately 82% of the overall volume of MSW [38]. In 
contrast to hydrocarbons, MSW has a low calorific value and a high concentration of 
hazardous gases. As a result, MSW cannot be used as a substitute for hydrocarbons. It 
is critical to conduct research on converting MSW into energy as part of a composite 
fuel employing high-potential industrial technologies. The ignition and combustion 
of composite fuel liquid can be improved by adding fine MSW particles, which also 
delivers an equivalent quantity of energy during burning [38]. 

Tan et al., investigated and assessed the framework of three assessments for 
waste-to-energy technologies analysis (energy, economic, and environmental (3E)) 
for Malaysian municipal solid waste (MSW) management [39] (Fig  1). When the 
production of power and heat was evaluated, the 3E assessment revealed that incin-
eration was the optimal technology choice. Anaerobic digestion was determined to 
be more advantageous when considering simply electricity production. The money 
from MSW electricity generation might be raised due to electricity sales addition-
ally; a coal-based power plant can achieve significant CO2 avoidance [40]. Figure 2 
shows the waste-to-energy analysis in general.
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Fig. 1 3E assessment framework for waste-to-energy technologies 

Fig. 2 Waste-to-energy analysis parameters
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5 Life Cycle Assessment 

Life cycle assessment is a comprehensive approach that can be used to analyze waste 
management systems and discover environmental advantages as well as important 
components of those systems [41]. Through the software tool, a life cycle assess-
ment provides insight into the benefits associated with MSW BA utilization by 
potentially substituting the production and disposal of raw materials. For example, 
the fate and movement of pollutants, as well as the important components which 
contribute to such transport, might be modeled, allowing for predictions based on 
various scenarios. Given a set of boundary circumstances, the data could also imply 
other aspects, such as ecotoxicity and leaching emissions. 

Regardless of the type of leaching data, the consequences of pollutant leaching 
from BA should not be ignored in life cycle assessment analyses of waste manage-
ment systems where waste-to-energy systems or more generally benefits from energy 
recovery play a key role [42]. A life cycle assessment was used to determine whether 
landfill disposal or using the material as aggregate in roadways was superior to using 
BA as a concrete aggregate due to metal leaching during the recycling phase of the 
demolished concrete [43]. Dabo et al., studied the use of BA for road and parking lot 
building, with a focus on the long-term evolution of leachate chemistry and miner-
alogical transformation of the BA in a trial setup in northern France during 10 years 
[44]. Batch tests on core samples drilled after 10 years and geochemical modeling 
support the data interpretation. Heavy metals and pH concentrations in leaching 
reduced considerably during the first 2 years, then progressively decrease over the 
next 10 years, eventually reaching a set of lowest values. The concentration of SO2-

shows a slightly increasing tendency with time, with maximum concentration peaks 
occurring at 3 months. In terms of ash evolution, the actual pH of the paved material 
has not decreased considerably from its initial value of 12.3 for the fresh BA although 
it is significantly higher than the leachate at approximately 8 after 10 years. This is 
due to the lack of carbonation and gas exchange caused by the lack of air and water. 

6 Conclusions 

Since the BA generated from MSW incineration plants has a variety of components, 
the applications of BA are not limited to a certain area. With the recent studies 
regarding the impact of leachate generated by BA disposal and resource recovery, 
the following comments can be made. 

• Incineration is not a new concept for solid waste management and disposal. When 
combined with waste to energy, the economic viability of incineration suggests a 
potential for a better and sustainable future. 

• The by-products obtained after the incineration can be a threat to the environ-
ment; hence, treatment is recommended before disposal or further reuse. Thus, 
the understanding of the true nature of BA and its components is necessary.
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• The employment of BA for specific applications can be made only if it exhibits 
certain physiochemical properties. Thus, specific standards for BA reuse are 
required to be followed at a global level. 

• Technological advancements can be employed for a resource recovery to achieve 
maximum economic benefits. These advancements also make sure that the impact 
of incineration has minimal impact on the environment and its sub-components. 

• To avoid leaching, solidification/stabilization of BA is recommended where ash 
the pre-treatment techniques like separation, thermal treatment, and chemical 
treatments are also the other viable options to follow. 

• Using BA as a raw material for ceramic production avoids the high probability of 
leaching. The other applications like landfill covering material, cement concrete 
aggregated, or highway engineering material are also economical yet require 
control on leaching. 
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Sustainable Uses of Sewage Sludge 
as a Construction Material—A Review 

Neelam Singh and Vikas Kumar 

1 Introduction 

Proper disposal of waste materials is going to become difficult due to the industrial 
revolution and the growth of the population faced by many countries. India produces 
a huge quantity of waste from different sources like industrial, commercial, domestic, 
construction and demolition, etc. The quantity of waste materials increases day by 
day. A non-decaying waste material remains in the environment for a hundred to a 
thousand years and creates disposal issues and hazardous environmental pollution 
worldwide. Most of the waste materials are used as landfill materials, left as stockpiles 
or dumped in fields without any treatment. Sustainable use of these waste materials 
reduces the harmful environmental impact. It is known as the “waste hierarchy”. The 
aim of the waste hierarchy is to reduce, reuse and recycle waste and after that prefer to 
dispose of it. Some of the waste materials such as sewage sludge, fly ash, stone dust, 
construction waste, granite and marble polishing waste, blast furnace slag, copper 
slag, red mud and silica fumes can be used in construction, as investigated by many 
researchers. 

Sludge is generated by sewage treatment plants as solid waste by-products which 
contain some harmful elements to the environment. Approximately, 62,000 MLD of 
sewage is produced every year in India. Out of that sewage, approximately 20,120 
MLD is treated; for 3157 MLD of sewage, there are under construction or proposed 
treatment plants and treatment facilities [37]. Approximately, 3955 metric tonnes of 
dry sewage sludge are produced after the full treatment of sewage sludge per year.
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In India, mostly produced sludge is disposed at dumpsites. There is inappropriate 
management or lack of sewage treatment plants and facilities in India. 

Disposal of sewage sludge is a serious environmental issue at the global level. In 
general, waste sewage sludge after the pre-treatments (dewatering, drying and firing) 
is burned in incinerators used as landfills. Because of the limited availability of land 
and public unawareness, sludge disposal will become a critical issue, so there will be 
a need for an alternative method of disposal, as direct dumping of sludge on land is 
not an ideal method of disposal for the waste. Thus, disposal of sewage sludge should 
be in a proper and sustainable manner so that the harmful environmental impact of 
such a type of waste can be controlled. 

In this review paper, we focus on the collection of knowledge about the uses 
of sewage sludge in various aspects of construction that has been done by many 
researchers. The aim of the study is to collect the knowledge from various research 
studies about the past and present practices of sewage–sludge use for different 
purposes, with the necessary elements for assessing the environmental, economic 
and social impacts and providing an overview of prospective risks and opportunities. 

An evaluation of the uses of ash of sludge and fly ash as soil stabilizer and a 
comparison between them has been done by Lin et al. (2012). To find out the improved 
strength of established soil by mixing sludge ash and fly ash separately has been 
investigated with the help of experimental work. Fly-ash and ash of sewage sludge 
mixes with soft soil, then performed CBR test, unconfined compressive strength test, 
PH value, compaction and triaxial compression test. The results of executed tests 
indicate the improvement in the behaviour of soil, such as the unconfined compressive 
strength of sludge-mixed soil behaving 1.4–2 times better than the soft soil that is 
untreated. Sludge ash mixed soil shows a compressive strength of 20–30 kPa, which 
is less than the fly-ash mixed soil. It is found that bearing capacity increases for both 
the ash of sewage sludge-mixed soil and fly-ash mixed soil. Cohesive parameters 
increase with an increase in the amount of either ash added. With the increase in the 
amount of any ash, the friction angle decreased. 

With the help of experiments performed by Alleman et al. [1], it was found that 
the ingredients of brick (clay and shale) can be partially replaced by sewage sludge. 
For making brick specimens, less than 25–30%, volumetric sludge was added, which 
fulfilled the criteria under ASTM, and manufactured bricks were sold at a standard 
commercial price. The experimental result shows that the property of brick maintains 
the ASTM standards. The compressive strength of manufactured brick is 20.7 × 
103 kPa, while 5 h boiling water absorption is less than 17%. 

Many cities face problems with the disposal of waste sludge in the world due to 
the urbanization process, which is increasing day by day. So, many researchers have 
given their views and worked on these issues of disposal of sludge in which they have 
utilized sludge as a construction material in past decades on the basis of suitability. 
Innovative materials are discussed in the paper written by Tay et al. [2]. 

The concrete cube was prepared by using sewage ooze, as explained by Subramani 
et al. [3]. In this paper, it is discovered that using this sewage ooze stabilizer has no 
negative effects on the critical quality of concrete cubes. It was investigated by the
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experimental work that the strength loss increased by 17% if we added 10% of high 
organic sludge to the concrete mix by weight of cement. 

Pellets of dried sewage sludge are used in the making of Portland cement as raw 
material, and it is also used as a fuel by the manufacturer of cement in the production 
process of Portland cement. During the entire process of manufacturing of cement, 
quality of product, plant safety, sludge and moisture content, energy conservation, all 
the above points should be kept in mind carefully. It is shown that by the investigation, 
the use of the sewage sludge pellets is profitable for the manufacturer of Portland 
cement, Onaka [4]. Utilization of sludge effectively as a component of mortar or 
concrete obtained from a wastewater treatment plant reduces the problem of sludge 
disposal. A number of leaching tests have been performed to ensure that the prepared 
product meets the required quality standards for construction purposes. 

With the different ratio of cement sludge mortar and cement sludge coal fly ash, it 
was investigated by Vall and Vazquez [5]. Sludge found from the treatment plant for 
textile effluent is used up to 30% by partially replacing cement for making the struc-
tural and nonstructural components, as examined by Balasubramanian et al. (2005). 
The composite textile sludge for the experiments was collected from southern India 
and examined its physio-chemical properties and engineering properties. To find out 
the efficiency of textile sludge for the construction of structural and nonstructural 
components, tests were performed as per the Bureau of Indian Standards. Experi-
mental investigation shows that textile sludge was effective in making nonstructural 
components like pavement blocks, flooring tiles and bricks. All nonstructural compo-
nents made from textile sludge fulfil the requirements of BIS, but sludge is not suitable 
for making structural components because it does not fulfil the BIS specification. 

2 Application of sewage sludge 

2.1 Use of Waste Sludge in Bricks Production 

A mixture of sludge with shale and clay is used to make bricks, called bio-brick, 
by Alleman and Berman [6]. The solid content of wastewater sludge (15–25% solid 
content) can be combined with conventional clay and shale to produce bio-brick, it 
looks like regular brick, and the smell of bio-brick is like regular brick, founded by 
Chin et al. [7]. 

By using dried wastewater sludge with different percentages of clay, a novel brick 
was produced. Tay et al. [8]. The result shows that dried sludge can be used in the 
range of 0–40% of the weight of brick. If sludge content increases, the compressive 
strength of brick will decrease. An uneven texture surface and porosity arise in brick, 
due to the firing process in which the organic content of sludge is burned off. This 
type of problem can be solved by replacing dried sludge with sludge ash (zero % 
organic content). Test results show that up to 50% of the sludge can be used. Also, the 
results showed that bricks had higher strength when they contained crushed sewage
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sludge than when they contained sewage sludge-contained bricks. Bricks made with 
10% sludge ash have higher strength than conventional clay bricks. 

In the manufacturing of bricks, the potential use of dry pulverized sludge was 
explained by Yague et al. [9] uses dry pulverized sludge in the manufacturing of 
prefabricated brick by 2% in the prepared sample. Testing of specimens had been 
done, and the results showed that there had been a decrease in water absorption and 
in porosity, and significant increases in the compressive strength of specimen brick 
as compared to brick without using sludge. The use of ash produced by the paper 
industry and sludge in the production of bricks has been done by Chin et al. [7]. It 
is found that the compressive strength of prepared bricks and their water absorption 
satisfy the required standards. It is recommended that manufactured brick be used 
as a non-load-bearing component. 

Dried sludge which is obtained from the water treatment plant is mixed with the 
rice husk ash and agricultural waste to make lightweight bricks examined Chiang 
et al. [10]. The results showed that bricks which have rice husk (40% by weight) 
heated at a temperature of 1100 °C give good strength, fulfil the requirements of 
lightweight bricks and can be used in future green buildings to fulfil the Taiwan 
standards. A result showed that from the Toxic-Characteristic-Leaching-Procedure 
(TCLP), the concentration of Zn, Cu, Cr, Pb and Cd in used products was less than 
the acceptable level given in standard regulation. 

Chih-Huang et al. investigated the production of bricks by using sludge collected 
from the industrial waste water treatment plant [11]. All the necessary tests were 
performed. The results showed that the quality of manufactured bricks depends upon 
the proportion of sludge and burnt temperature. Bricks produced by using up to 
20% sludge content at 960–1000 °C temperature. Strength of bricks fulfil Chinese 
standards and results of leaching of the product showed low leaching level of material. 

In the manufacturing of clay bricks, sewage sludge with forest debris is used 
as raw material by Cusido et al. [12]. As compared, the conventional bricks with 
the manufactured sample of bricks are more acoustic insulator, thermal and lighter. 
Drying of bricks has been done at 100 °C. After that, they are fired at 1000 °C. A 
significant increase occurs in the emission level of greenhouse gases, which is shown 
in the result, which is nearly 20 times more than the conventional ceramic firing (it 
is within the permissible limit permitted by the Environmental Protection Agency). 

Sewage sludge as a raw material is used in the production of bricks examined 
by Abdul et al. [13]. Manufactured bricks were tested for physical and mechan-
ical properties. The result shows that manufactured bricks fulfil the required criteria 
standards. It was recommended that up to 30% sewage sludge content was used 
in making bricks. Water Treatment Residual (WTR) and excavated soil are used to 
produce ceramic bricks and artificial aggregates explained by Chihpin et al. [14]. 
Although as compared to the temperature required for conventional brick work, the 
sintering temperature required by WTR was higher because of the lower SiO2 content 
and the higher content of Al2O3. The result shows that the water absorption, compres-
sive strength and specific gravity of ceramic bricks proved their use and suitability in 
construction. Fly-ash slag is used by Municipal Solid Waste Incineration (MSWI) to 
make bricks, sample bricks were fired at a temperature of 1000 °C, investigated by
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Kae [15]. The environmental effects of leaching as well as the mechanical properties 
of manufactured products were investigated. The result shows that the mechanical 
properties of bricks fulfil the requirements of second-class bricks as per the Chinese 
National Standard Code. 

A mixture of recycled industrial waste and clay used to make bricks is explained by 
Eliche-Quesada et al. [16]. Test results indicate that with an increase in the sintering 
temperature the compressive strength of manufactured products increased also. It 
fulfils the requirements of water absorption and compressive strength of products. 

Lightweight bricks were produced using rice husk and sintered mixture of dried 
water treatment sludge examined by Kung-Yuh et al. [17]. With increase in sintering 
temperatures, the compressive strength of bricks increased and the porosity of 
sintered samples increased by the addition of rice husk. Materials contained rice husk 
(15% by weight) sintered at 1100 °C, which formed higher compressive strength and 
low bulk density that were compliant as lightweight bricks with relevant Taiwan 
building code standards. 

Clay and wastewater sludge obtained from textile laundry were used to produce 
bricks as proposed by Luciana et al. [18]. In the manufacturing of sample bricks, 
different quantities of sludge were used, which was dried at 100 °C. After that, the 
process of burning was completed at 900 °C. The mechanical properties of the final 
product were tested, and the result shows that the flexural strength of ceramics and the 
water absorption of the product were found satisfactory under Brazilian legislation. 
The leaching test has been done, and it shows the produced bricks are safe without 
any harmful outcome for the users or the environment. The mechanical properties 
of the brick are found to be better if the sludge content is used by 20% as per the 
obtained result. 

The effects of the use of bricks made from sewage sludge on the environment 
were investigated by Joan and Lázaro [19]. The results, including tests of leaching 
ability and toxicity, show that sludge can be used effectively in the manufacturing 
of bricks. The range of sludge addition for making bricks can be from 5 to 25% in 
weight, or we can add more sludge if there is no need to fulfil the criteria limit for 
mechanical properties, and there are no harmful effects on the user’s health and the 
environment. 

Replacement of bricks which is made from clay by using sludge and agricultural 
or industrial waste (e.g., silica fume and rice husk) is explained by Badr et al. [20]. 
A sample of dried bricks was fired at different temperatures. Manufactured product 
properties were investigated, and a comparison was made between the products and 
conventional bricks under the Egyptian standard specification. It is found that bricks 
made from 25% silica fume and 50% sludge give better results than conventional 
bricks.
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2.2 Use of Waste Sludge in Cement Manufacturing 

Sludge (which is digested and dewatered) was used for making the material like 
cement examined by Tay et al. [8]. Dried sludge mixed with limestone powder is 
used to prepare the specimen. It is found that, as compared to ordinary cement, 
sludge cement has a high demand for water and a quick setting time. There is a 
possibility to produce binding material for masonry made from the sludge determined 
by estimating the cube strength test that meets the requirements of the ASTM standard 
for cement masonry work. We need more research to find out the long-term properties 
like durability of masonry binder made up of cement sludge. 

To replace the raw material by sewage sludge pellets (SSP) in the mix formula-
tion for the production of Portland cement explained by Monzo et al. [21]. Fifteen 
percentage and 30 percentage of sewage sludge ash (SSA) by weight were substituted 
for cement in mortar. It is obtained from the results that the compressive strength of 
the mortar containing 15% sewage sludge ash (SSA) is found to be similar to that of 
the reference mortar. A decrease appeared if the content of sewage sludge ash (SSA) 
increased to 30%. As compared to cement produced with normal clinker, the cement 
clinker can be replaced by 11% sewage sludge pellets by dry weight without any 
problems or a large difference. 

The use of pulverized sludge ash combined with cement in concrete mixes was 
investigated by Goh et al. [22]. The organic material was removed by treating the 
sewage sludge at 55 °C so that it could be used as a filler in concrete. The ash was 
collected, ground to a fineness of no more than 150 µm and then mixed with cement 
for this purpose. According to the findings, increased sludge ash content improved 
concrete workability. When 10% sludge ash is added to cement, the compressive 
strength of concrete cubes at 28 days is comparable to that of regular cement concrete, 
but when the sludge ash concentration is increased to 40%, the strength drops by 
50%. 

Sewage sludge is treated and utilized to replace the binding material in mortar 
preparation at different temperatures, as investigated by Arlindo et al. [23]. Dry sludge 
heated to 105 °C was utilized to replace 20% of the cement’s dry weight. As a result, 
it appears that no setting took place. Another test was carried out utilizing treated 
sludge at different temperatures as a replacement for 5% and 10% of the cement by 
weight, respectively. The findings revealed that the presence of any sort of previously 
treated sludge resulted in a reduction in the mortar’s compressive strength. 

The effects of dried sewage sludge on cement properties were examined by Yiming 
et al. [24]. The sample was made by combining dry sewage sludge and heating it to 
specific temperatures. It was discovered that the components of standard Portland 
cement and eco-cement clinkers are comparable. While the samples’ compressive 
strength was found to be somewhat lower than that of plain paste, the leaching 
findings obtained from the samples were determined to meet the current Chinese 
regulatory acceptable requirement.
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2.3 Use of Waste Sludge as Artificial Aggregate 

Some results of crushing clay and dried industrial sludge (with low organic content) 
to a fine dust before mixing it with water to produce a paste were presented by Tay 
et al. [8]. The paste was sintered at high temperatures after being moulded into a 
composite shape. The compressive strength of a concrete specimen containing arti-
ficial aggregate was compared to that of granite aggregate to assess its performance. 
According to the findings, the 28-day compressive strength of concrete samples 
with artificial aggregate ranges from 31 to 38.5 N/mm2, while concrete with granite 
yields 38 N/mm2. When comparing granite aggregates to manufactured sludge clay 
aggregates, significant porosity and low density were discovered. 

A combination of sludge ash and sintered sewage sludge is potentially used to 
produce synthetic aggregate, as explained by Chow et al. [25]. Results suggest that 
the combination of clay and sewage sludge ash showed a better outcome for manu-
facturing of the normal weight aggregate, whereas the mixture of the sewage sludge 
with 20–30% was found to be sufficient for the production of a more lightweight 
aggregate. A hot mixture of sewage sludge ash can be used as a fine aggregate in 
asphalt pavement construction. It was discovered that there is no noticeable difference 
between a pavement made of sludge ash with a total weight percentage of 2–5% and 
the conventional material. (For more information, visit http://www.rmrc.unh.edu/Par 
tners/UserGuide/ss2.htm.) User guidelines for sewage sludge ash–asphalt concrete 
Shane et al. [26] revealed that sewage sludge ash (ISSA) from incineration may 
be used to manufacture low-energy construction materials. Material from huge UK 
sludge incinerators was used in this investigation. The product was put through a 
suitable standard test, and the results demonstrate that ISSA is more likely to boost 
reactivity and workability than conventional products. 

Ten wt.% sewage sludge was used to modify the road base layers investigated by 
Leda et al. [27]. The process involved in soil stabilization was employed to ensure 
that the required parameters were met, and the strength of the stagnant soil was also 
assessed. With the help of various additives, the sludge soil mixture was created, 
compacted and then tested. Mechanical testing was used to pick the appropriate mix 
design. According to the results, sewage sludge could be used for soil stabilization 
and roadway construction. 

Use of lime sludge, which is created during the process of purification of water, 
was explained by Yu et al. [28]. The impact of different types of mixing processes 
(dry and wet), optimal lime sludge content, and the durability of stabilized soils was 
studied. Mechanical characteristics and durability have been improved as a result of 
the study. 

Potential use of industrial sludge in the industry of masonry and environmental 
impacts due to leaching was explored by Milica et al. [29]. After neutralization of the 
wastewater, the used sludge was collected by a hot dip galvanized process. Although 
some hazardous materials are also found in it due to the presence of toxic elements, 
as a result of the leaching test, it has been observed that the level of its effect after

http://www.rmrc.unh.edu/Partners/UserGuide/ss2.htm
http://www.rmrc.unh.edu/Partners/UserGuide/ss2.htm
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firing at 102 °C appears to be negligible. The results suggest that sludge can be used 
to manufacture ecologically sustainable bricks. 

2.4 Use of Waste Sludge in Concrete Mixtures 

Dry sewage sludge potentially used in the making of concrete as an additive was 
examined by Valls et al. [30]. To reduce the humidity of sewage sludge, it is dried 
to a certain extent to eliminate the microorganisms. Dried sludge was added to the 
concrete mix at different percentages, from 0 to 10%, to act as fine sand. The usage 
of sludge in the concrete mix was advantageous. As the mixed sludge reacts with the 
cement and forms the binding matrix, the amount of leachable heavy ions reduced as 
related to the free dry sludge. The results showed that increasing the sludge level 
decreased the concretes compressive strength, and it was discovered that sludge 
content of 10% or more should not be used since it delayed the setting time and 
reduced the mechanical properties inside the concrete. 

Sludge is used as an additive in the concrete sample; durability of the concrete 
and long-term performance of the concrete prepared with sludge were assessed by 
Yague et al. [47]. One model was exposed to quick attack in it. A shared wet dry cycle 
involving fresh and seawater, accelerated ageing in autoclaves and carbonation was 
all used in these attacks. It was observed from the results that sludge-mixed concrete 
has the same durability as the reference concrete. 

2.5 Sludge Water Uses in Concrete Mixtures 

Replacing normal water with sludge water to making concrete was explained by 
Chatavira et al. [31]. Through this study, it was found that sludge water can be used 
by replacing it with normal water in the percentage range of 0–100%. Compressive 
strength of the concrete produced using sludge water was found to be 85–94% that of 
usual water-prepared concrete, however, sludge water was shown to have a significant 
influence on drying shrinkage and acid attack resistance of concrete. 

Treated wastewater used in the manufacturing of concrete was explained by Al-
Ghosain and Terro [32]. Concrete cube samples have been prepared using different 
types of water. The following types of water have been used: tap water (TW), primary-
treated wastewater (PTW), secondary-treated waste water (STW) and tertiary-treated 
waste water (TTW). It is found that that the type of mixing water used did not have any 
effect on density and concrete slump. Samples made from primary-treated wastew-
ater (PTW) and secondary-treated wastewater (STW) recorded lower compres-
sive strength and slow strength development, higher corrosion potential and higher 
setting time than samples prepared with tap water (TW) and tertiary-treated wastew-
ater (TTW). Higher power performance was observed for samples prepared with 
(TTW) as compared to samples made with (TW).
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2.6 Waste Sludge Used for Ceramic and Glass Production 

Making of ceramic samples by using sewage sludge, incinerated ash, and limestone, 
examined by Suzuki et al. [33]. By providing the sludge ash as a fine dust, it can be 
directly merged with other ceramic paste components. If ceramic specimens include 
up to 50% sludge ash, the strength, acid resistance and absorption coefficient will 
all be within normal limits. Leaching property of ceramics that contained sludge ash 
was investigated by Ferreira et al. [34]. As a result, the lowest spread values of heavy 
metals were observed. 

The use of sludge in ceramics and its effect on the properties of ceramics was 
investigated by Monteiro et al. [35]. The marble sludge and urban sewage sludge 
were mixed into the clay in different proportions, which led to the closure of various 
ceramic materials, categorized by the composition and technical performance of 
different minerals. Linear contraction, absorption of water and bending strength of 
the prepared product were determined. The results show that the remaining residues 
(sewage and marble sludge) have high reactivity, reacting readily with clay minerals 
and quartz to offer enhanced sintering of the original powder. 

In order to produce lightweight clay ceramics in the building industry, sewage 
sludge is used, as studied by Joan and Cecilia [40]. The results suggest that the 
prepared product has low thermal conductivity, although the leaching test results indi-
cate that even after the heat treatment, the leachate includes large levels of hazardous 
metals. 

The use of sludge instead of clay in a ceramic body can be used as a substitute 
for clay at different percentages, as investigated by Martínez-García et al. [36]. The 
manufactured products’ mechanical qualities were examined. The results of the tests 
revealed that products containing 5% sludge had good mechanical properties in terms 
of compressive strength, water absorption and water suction. 

2.7 Properties of Building Materials Contained Sewage 
Sludge 

Prepared 
building material 
by using sludge 

Sewage 
sludge 
content 
in 
product 
mass 
(%) 

Kind of 
sewage 
sludge used 

Other 
admixtures 
used 

Compressive 
strength 
(after 
28 days of 
curing) 
(MPa) 

Other 
probable 
application 

Results References 

Bricks 10 Pharmaceuti 
cal sludge 

Cement, fly 
ash, silica 
dust, lime, 
bentonite, 
mine dust 

17.2–18.6 – As a binder, 
cement, lime 
and bentonite 
were mixed in 
a ratio of 1: 1: 
0.5 

Yang et al. [43]

(continued)
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(continued)

Prepared
building material
by using sludge

Sewage
sludge
content
in
product
mass
(%)

Kind of
sewage
sludge used

Other
admixtures
used

Compressive
strength
(after
28 days of
curing)
(MPa)

Other
probable
application

Results References

6.5 Mixture of 
primary and 
secondary 
sludge from 
municipal 
sewage 
treatment 
plants 

Fly ash, 
cement, 
lime, slag 

32.1–36.9 As a Covering 
material for 
landfills 

Cement and 
lime in a 1:3:6 
ratio 

Amin et al. [41] 

25–30% 
volumet 
ric 
sludge 

Sewage 
sludge 

Sewage 
sludge, clay, 
shale 

20.7 – Water 
absorption is 
less than 17% 

Alleman et al. 
[1] 

Landfill sites – – Sewage 
sludge ash 
and fly ash 

0.02–0.03 Construction 
of road base 
and 
embankments 

Cohesive 
parameters 
increase with 
increase the 
amount of 
either ash 
added 

Lin et al. (2012) 

33.4 Primary and 
secondary 
sludge 
mixed 
together 
(hydration 
approx. 
97%) 

In a ratio of 
1:1:0.3, ash 
from coal 
combustion, 
lime and 
iron 
chloride 

0.7–0.8 In the 
buildings and 
construction 
industries 

In the 
calculations, 
the ash, lime 
and iron 
chloride 
mixture were 
used as a 
binder 

Li et al. [48] 

Concrete 0–10% Dry sewage 
sludge 

Sewage 
sludge, 
cement 

To making 
sludge-mixed 
concrete and 
in other 
construction 

The mixed 
sludge reacts 
with the 
cement and 
forms the 
binding 
matrix 

Valls et al. [30] 

4.1 Sludge that 
has been 
Aerobically 
stabilized 

Cement 39 The 
proportion of 
sewage sludge 
(wet weight) 

Roccaro et al. 
[45] 

Mortar 0.32 Sludge from 
a sewage  
treatment 
plant. 
(97.5% 
hydration) 

Ash from 
coal 
combustion, 
cement, 
sand 

12–14 Materials for 
road 
construction , 
mortar for 
inside use 

The amount of 
ash in the  
binder mass is 
10% 

Hamood et al. 
[46] 

Sintered 
products/ceramic 
and glass 
production 

5% Sewage 
sludge 

Sewage 
sludge, clay 

– Other 
construction 
product 

Good 
mechanical 
property in 
terms of 
compressive 
strength, 
water 
absorption 
and water 
suction 

Martínez-García 
et al. [36]

(continued)
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(continued)

Prepared
building material
by using sludge

Sewage
sludge
content
in
product
mass
(%)

Kind of
sewage
sludge used

Other
admixtures
used

Compressive
strength
(after
28 days of
curing)
(MPa)

Other
probable
application

Results References

5 
10 
5 

Sewage 
sludge from 
a municipal 
sewage 
treatment 
plant that 
was dried 

A standard 
mix is used 
for the 
making of 
tiles 

23 
18 
17 

In accordance 
with ISO 
13006/2012, 
floor tiles can 
be used 

Temperature 
of burning: 
1150 °C 
1150 °C 
1100 °C 

Amin et al. [41] 

5 Dry sewage 
sludge 

85% lake 
sediments, 
10% slag 

20.5 Production of 
bricks 

Firing 
temperature at 
950 °C 

Zhang et al. [44] 

Lightweig ht 
aggregate 

– Industrial 
sludge 

Clay and 
dried 
industrial 
sludge 

31–38.5 
N/mm2 

– Artificial 
sludge clay 
aggregate has 
high porosity 
and 
low-density 
performance 
were observed 
compared to 
granite 
aggregates 

Tay et al. [8] 

20–30% Clay and 
sewage 
sludge ash 

– Construction 
of asphalt 
paving 

Result shows 
better 
outcome for 
manufacturing 
of the normal 
weight 
aggregate 

Chow et al. [25] 

10 Sewage 
sludge from 
a municipal 
sewage 
treatment 
plant. 
(Dried) 

Clay – Aggregate can 
be used in the 
manufacturing 
of light 
concrete 

The firing 
temperature is 
1150 °C. The 
concrete had a 
compressive 
strength of 
11.1 MPa with 
the 
addition of 
35% 
aggregate 

Suchorab et al. 
[42] 

3 Discussion 

Many researchers have worked on the application of waste sludge in the construc-
tion field. From the literature reviews, it has been discovered that waste applica-
tion of sludge is manly in brick making, cement manufacturing, concrete mixture, 
ceramic production, glass production and stabilized poor soil, etc. A range of tests 
are conducted in order to find out the product properties that meet all requirements
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as per the specification of the standards. All the major properties of the product were 
investigated by many researchers, while the impact of the product on the environment 
was also investigated by some researchers. In the construction industry, the use of 
sewage sludge has a positive impact on the direction of the sustainable use of waste 
materials. It is also environmentally friendly; there is no significant harmful effect 
on humans or on the environment. 

By using sludge in the building industry, we are able to produce bricks with low-
energy usage. It is necessary to examine the need to produce energy-saving items for 
future use. More and more studies should be carried out on production of eco-friendly 
building materials using different types of sludge, economical in terms of energy use 
and emissions. Since waste sludge includes all types of industrial and agricultural 
solid waste, petroleum sludge is one of the largest major solid wastes generated in 
the oil industry in terms of petroleum exploration and production, and its disposal 
poses a serious threat to the environment; our efforts should not be focused solely 
on treatment, but also on how we can use waste with or without treatment in the 
development of sustainable structures. 

4 Conclusion 

This study has provided a comprehensive state-of-the-art overview of the application 
of sewage sludge usage in various industries, from its early use to the current research 
trends. This review study shows that the use of sewage sludge as a raw material in 
the construction sector is acceptable without compromising the product quality that 
the material requires in accordance with applicable standards. In the construction 
industry, sewage sludge is used in various forms to provide a complete solution to 
the sewage disposal problem. Sustainable use of waste helps to make the environment 
clean and eco-friendly with a low-cost or reduced-cost raw material. 
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Enhanced Landfill Mining Waste 
Valorization Techniques: 
A Methodological Review 

Shakeel Ahmad Dar, Pushpendra Kumar Sharma, and Bishnu Kant Shukla 

1 Introduction 

World produces about 2000 billion kg of municipal solid waste (MSW) every year 
as per latest statistical data at rate of 0.74 kg per capita per day amounting to 3.40 
billion metric tons by 2050 with the present rate of generation. At present, 33–40% of 
waste generated is not managed properly, but just dumped or openly burnt (internet 
sources). In low-income countries, this unregulated disposal is often up to 90% of 
that generated. This mismanaged waste often invites diseases and people, especially 
in slum areas are severely affected by these mismanaged waste. However, more 
significant is the impact on the environment, which is nowadays most critical global 
concern. Global waste production accounted for 5% of green-house gas emissions 
in 2016 with an output of about 1.6 billion metric tons CO2 equivalents and likely 
to rise to 2.6 billion tons by 2050. These emissions are both from open dumping as 
well as that from unmanaged landfills without a gas recovery system. 

Developing countries like India generate 62 million tons of waste of mixed type 
every year from urban areas only (2014) and growing annually by a rate of 4% because 
of growing urbanization (PIB-2016). As of 2016, in India only less than 60% of waste 
is collected from households and only 15% of wastes from urban areas is processed. 
The most prevalent method of disposing waste round the globe is by landfilling. A 
landfill is a carefully designed dump, built onto or on the top of ground in which trash 
is stored or dumped on daily basis just to prevent contamination to the surrounding 
environment and ground water. However, non-engineered landfills lead to emission 
of methane gas, leading to landfill fires in addition to its threatening impact of global
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warming. Further, precipitation percolation leads to leachate production entering the 
ground water and polluting it. Scientific or engineered landfills reducing the same by 
use of a linear material at bottom and cover system at top, and drainage system for that 
leachate produced and collection system for gases produced, reducing environmental 
risks. 

2 Landfill Mining and Enhanced Landfill Mining 

Engineered landfills, however, are not the last resorts of waste management. Even the 
scientifically constructed landfills have their limitations. The issues begin with the 
idea of setting up of landfill construction/setting up and most frequent response from 
public domain is that “not in my backyard” about setting up. Landfills require large 
vast open surfaces leading to land scarcity, and restricting growth of development 
of human society an ecosystem. Landfills are a source of gases production (release) 
during their entire life span especially methane, a notoriously powerful greenhouse 
gas, potentially 25 times detrimental than that of CO2 to environment. Landfills 
cause surface and ground water contamination through leachate. Still landfills are 
the highest contributors to waste disposal and even in countries falling in European 
Union, adopting the maximum possible recycling and reuse of waste, still at least 
40% of the waste in EU-27 goes to landfills, and they need remediation measures. 
However, there is a hope as these landfills are also potential reservoirs of resources 
in the form of metals, materials and energy. Given the extincting nature of natural 
resources, increasing demand of raw materials, and growing energy hunger of nations 
for its sustenance, these potential gold mines cannot be left unexplored. Landfills 
store abundant quantities of combustibles and fines in addition to that of accumulated 
metals and as such can be explored for possible fuels and building ingredients [1, 
2]. Earlier landfill withdrawal was carried with a focus on land reclamation and 
metal recovery and reducing gas emission, but a shift into a more innovative waste 
management system that could complete an overall sustainable material management 
cycle (MMS) was needed with a view to energy generation. This lead to the concept 
of “Enhanced landfill mining”. 

In Enhanced landfill mining, more focus is given to prevention, material recovery 
and recycling and “landfilling” as last step of disposal cycle is discarded. In this 
approach of waste management, landfills are a temporary store houses of energy 
and materials, till the time advances in technology of such a calibre develops that 
can completely valorize it and put it back into economy, there by completing a 
circular loop of SSM [2]. Figure 1 shows outline of circular system of economy with 
landfill mining forming its major component. Although valorization of wastes by 
high temperature burning-incineration was earlier available, the term “enhanced” of 
ELFM, incorporates the goal of producing least possible GHG pollutants in valoriza-
tion of wastes under ELFM [2]. Landfill mining an excavation of ancient landfills 
for retrieval of minerals/metals; forms one step of an overall process of ELFM. 
Thus summing up, the ELFM can be defined as “an integrated process of receiving,
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Fig. 1 Flow diagram ELFM process for the closing the circle project [2]

and extracting minerals, energy and construction materials out of waste dumped 
previously into ground, thereby reducing last remainder to nearly zero volume and 
applying methods to diminish carbon dioxide emission [3]. ELFM stresses planned 
storing of presently non-recyclable constituents and energy means to be exploited at 
a later stage for materials and energy [1, 2]. ELFM converts landfills from a cost-to-
society into a resource recovery opportunity. Although landfill mining had a genuine 
start in 1990, but was limited to land reclamation, partial recovery of materials, and 
extraction of methane [3, 4]. ELFM is still developing with a clear view on effi-
cient resource recovery. While waste valorization reassigns it a value by converting 
it into energy or recycled valuable products, ELFM is an iterative process of this 
valorization, applicable to freshly generated waste as well as already dumped with 
a sustainable goal. ELFM provides a tool to choice the appropriate time to valorize
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certain waste to usable materials through various approaches like waste to product 
or to energy (WtPorE), etc., compatible to the existing state/standard of technology 
available [5].

3 Methodological Review 

The sustainable landfill reclamation is possible through ELFM for closed landfills 
requiring reclamation on urgent basis as well those of active ones, the two chan-
nels of SMM are waste to products or to energy (WtPorE) and enhanced ELFM 
technologies can achieve these simultaneously waste converted to energy belongs to 
integrated solid waste management systems for developed nations and is being prac-
ticed at different levels of advancement. In these nations, main focus is the mitigation 
environment issues [6–9], besides obtaining bi-products in the form of energy and 
composite construction materials (WtP). From energy point of view waste to energy 
technologies are classified into biochemical treatment technologies (or biochem-
ical processes) and thermochemical processes. The biochemical processes under 
biological treatment through anaerobic and aerobic digestion techniques and landfill 
gas utilization techniques, to produce methane and bio-fuels will be reviewed later 
especially with respect to Indian wastes. In thermochemical processes, incineration, 
pyrolysis and gasification methods are being employed already, but the latest plasma 
gasification is the leading candidate and trending one in terms of efficiency both 
for recovery of energy and products. An overview of these technologies is given in 
Fig. 2.

3.1 Thermal Treatment Processes (Thermochemical 
Technologies) 

The most general process of thermal treatment for filled landfills begins with the 
processes of pre stabilization, i.e. removal or extraction of landfill gasses, especially 
CH4, or odorous gasses like ammonia and H2S, at landfill site without landfill extrac-
tion, a process called as insitu landfill mining [2]. Prestabilization is followed by 
extraction of stabilized landfill area, then transportation of extract to separate areas, 
separation or sorting into incombustible and combustible fractions. Here, recovery of 
some metals occurs. The soil and incombustible materials can be recycled by putting 
to use as fill material for embankments, etc., as cover material in active landfills, or 
as sub-base soil in pavement constructions, etc. Next is the production of the new 
raw material or fuel from combustibles waste portion called as refuse derived fuel 
(RDF) which will be subjected to high temperature burning to release energy. This 
processing of MSW into RDF is done to make a homogenous input, make handling 
convenient, to get a sufficiently high calorific fuel from an otherwise heterogeneous
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Fig. 2 Waste-to-energy technologies [5]

feedstock of MSW. It is generally achieved by shredding, screening, sorting, drying 
and conversion into pellet sized granules from combustible portion [5]. The thermal 
conversion processes are reviewed below hierarchically from conventional method 
to the latest advanced one. 

3.2 Full Oxidative Combustion-Incineration 

Incineration is the most basic or conventional method of thermal treatment of waste, 
converting this mixed nature combustible waste into heat, ash and flue gas. It converts 
organic wastes into energy in the form of utilizable high heat by burning at temper-
atures ranging from 300 to 800 °C, while inorganic fraction and metals are changed 
into ash and flue gases. During incineration, flue gasses (CO2,H2O, O2,N2) are gener-
ated that carry the major portion of energy as heat [5]. The limiting factor for its use 
is the emission of minor quantities of HCL, CO, HBR, BF, SO2 and VOCs along 
with heavy metal contamination. Adopting latest gas cleaning equipments, recovery 
of energy produced for useful purposes and adopting appropriate disposal techniques 
for ultimate waste left after burning can transform incineration into non-harming to
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environment. The same has led to advancements in incineration technology from 
time to time, driven by legislations specific to this industry and going on. Relatively 
bigger volumes of bottom ash produced-about 30% of input solid content has shown 
the potential for re-use as inert granulate materials in concrete aggregates [10]. The 
superheated steam generated is used within system for heating and rotating turbines 
connected to a generator for generating electric energy. 

Although material recovery is very small compared to energy, still incineration 
has shown potential for metals recovery from bottom ash (Al, Cu and Fe) and residue 
converted to granulate form for use in construction industry. Fly ash, separated by 
electro-filters has been found potentially useful in asphalt concrete manufacturing 
[5]. 

The incinerators are of three types mainly-grate incinerators, rotary kilns and 
fluidized beds. They detailed design of any one type will depend upon waste 
characterization, i.e. its chemical composition thermal properties, etc. 

3.3 Thermal Degradation-Pyrolysis 

In pyrolysis method, organic materials of waste can be degraded thermally into three 
types of products in all three states of maters, i.e. solid, liquid and gaseous. This 
thermal degradation is carried out in a pyrolysis reactor either in lack of an air or 
without so as to get the heat energy essential for pyrolysis. Temperature goes up 
to 900 °C from 400 °C relatively lesser than gasification process, in this pyrolysis 
reactor, giving a mixture of solid carbonaceous residue-char, a liquid bio-fuel or 
bio-oil and a high energy synthesis gas. The relative proportion of these products 
depends upon reactor parameters especially temperature and rate of heating [11, 12]. 

Dark brown bio-oil is improved to syngas/engine fuel via gasification or liquid 
fuel may be used for gas turbines connected to generator for electric power 
generation. Syngas produced in pyrolysis especially when RDF is used, has high 
calorific value, is cleaned of particulates and combusted to generate electricity. 
Solid residue/char/pyrolysis coke rich in carbon may be used as activated carbon for 
filtering processes. The commonly used pyrolysis reactors are rotary hearth furnaces, 
rotary kilns, fluidized bed furnaces, etc. Often pre-treatment of wastes is required for 
effectiveness. Representation of pyrolysis is shown in Fig. 3.

3.4 Thermal Gasification 

More efficient than incineration and pyrolysis for energy production. In thermal gasi-
fication the organic part of MSW is oxidized at 500–1800 °C temperature, producing 
a fuel-rich gaseous product called synthesis gas (especially when using steam as gasi-
fying agent). For gasification, using steam as gasifying agent, products are an energy 
rich synthesis gas majorly composed of CO2 and H2, while that using pure oxygen
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Fig. 3 Representation of pyrolysis process [13]

produces higher quality gaseous fuel rich in CO and H2 [12]. These synthetic gases 
when cleaned of contaminants can be fed as fuel to boilers of electricity generating 
systems or to chemical industries for ammonia generation [5]. 

The gasification reactors in practice are entrained flow, fluidized or fixed bed 
gasifiers. For efficient recovery of the fuel gas, pre-treatment of wastes to convert 
them into finely granulated feed stock is required in all types of the reactors [5]. 
In fixed bed gasifier, feed stock is supported over a grate maintaining a stationary 
zone for reaction. Gas mixing is not adequate and gas yields can be unpredictable, 
and thereby this process is optimal for small scale plants [14]. In fluidized bed 
gasifier, a stream of gas (of steam or air at a very high temperature) is made to flow 
vertically through a bed of solid wastes or RDF mixed with inert materials like sand 
or limestone, fluidizing the wastes into fuel gases. Fluidized beds are more suitable 
for greater capacity generators (>10 MW) due to good mixing conditions resulting in 
uniform bed conditions, efficient reactions and high heat transfer. A general overview 
of gasification are given in Fig. 4.

3.5 Plasma Gasification and Vitrification 

The recently developed or most advanced and efficient of thermal conversion tech-
nologies is the plasma gasification process. Plasma is a charged gaseous mass 
containing electrons, positive charges (cations), photons, etc, produced when a gas 
is exposed to an extremely high temperature of about 8000 °C. The source of energy
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Fig. 4 An overview of gasification (Source Planning Commission of India report 2014)

may be thermal or an electric current produced from an electric arc. Plasma gasifica-
tion process of solid waste treatment involves use of a plasma generated to produce 
a cleaner synthesis gas (almost containing only CO and H2) than other thermal 
processes (pyrolysis, gasification, etc.) as well as the inorganic fraction, metals 
and glass is condensed into an inert, environmentally stable, non-leeching product 
called vitrified slag or plasmarok (as it resembles basalt rock in formation). Thus, 
plasma gasification technology adds energy efficient and environmentally compat-
ible method of waste management to ELFM. This process can give efficiently both 
energy and products. 

3.5.1 The General Process of Plasma Gasification 

The processed waste (shredded to increase surface area per unit volume, RDF) is fed 
to a plasma reactor, where it is heated by thermal plasma torch to convert using its 
high temperature, the waste materials into their elemental components, i.e. hydrogen, 
carbon, sulphur, oxygen, halogens, etc. (organic matter portion), and inorganic matter 
melted into an inert slag. The synthesis gas is rich in H2 and CO. A DC plasma torch 
is used in gasification process of waste. It has an arc ignitor coupled to torch to 
facilitate breakdown of gases. By sparking this high frequency, high-voltage igniter, 
it produces sufficient electrons to ignite arc discharge. Air, oxygen or steam can 
be injected through igniter to stretch and maintain arc throughout the process. This 
current converts gases into plasma, thus rearranging it into a cleaner form of synthesis 
gas containing H2 and CO abundantly. The plasma at high temperature (8000 °C) 
breaks down the long chains of hydrocarbons into elemental particles and rearranges 
them into most basic and kinetically stable compounds of CO and H2 (pure syngas). 
Syngas produced is now subject to cooling and cleaning. Cooling prevents reac-
tions of reactive species to produce toxic dioxins, and cleaning removes undesirable
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Fig. 5 WtE and WtP e from MSW to electricity, heat, and other valuable products through plasma 
gasification/vitrification [5] 

chemicals and particulate matter which is harmful to environment. The heat exchange 
during cooling can be utilized. For cleaning of the gas, cyclone separator is usually 
employed where particles settle down and gas leaves at the top, it is passed through 
filters to remove other particles and chemical treatment is done for removal of toxic 
substances (nitrogen oxides, etc.) by catalytic converters (Internet sources). 

Cleaner syngas can either be used for steam to generate electricity or be 
compressed to bio-fuels like methanol (Fig. 5). 

3.5.2 Two Stage or Twin-Stage Plasma Process-an Efficient Integration 
of Thermal Processes 

Here, design of the system utilizes plasma to improve mixture gases formed through 
waste transformation e.g. by gasification into syngas in first process [5]. The practical 
example of this twin-stage process is the two-stage thermal GasplasmaTM process 
developed by Advanced Plasma Power (APP) in Swindon, UK along with Tetronics 
Company. This system has shown efficiency as it produced a high energy refined 
syngas and vitrified slag with end use as aggregate material. It has been built for 
MSW and commercial wastes. This process utilizes a fluidized bed gasifier (FBG) 
in its first stage to which processed RDF is added and utilizing oxygen and steam 
for gasigying it into a raw syngas. This syngas laden with tar, char and dioxins and 
carbonic ash is then treated with high temperature plasma converter in the second 
stage, which reforms it into high quality energy rich syngas. This syngas after cleaning 
off acids and particulate matter can be used for energy production.
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Fig. 6 Gasplasma TM process flow sheet (Online information by advanced plasma power (APP, 
2012)) 

The plasma vitrifies inorganic ash fraction into dense non-leeching glass like 
shining product called PlasmarokTM. Thus, we get a source of secondary construction 
material (WtP) besides waste to energy (WtE) treatment facility has shown equally 
satisfying results for other types of wastes like waste food, wood wastes, rubber 
scrap, Automobile Shredder Residue (ASR), etc. [15].The environmental testing of 
the plasmarok product conducted for leaching of certain organic and heavy metal 
pollutants by Water Research Council (WRC) in the UK showed results well blow 
permissible limits as prescribed for its use as inert fill materials [16] (Fig. 6). 

4 Advantages of Plasma Gasification 

Plasma gasification provides for breaking down of tar, char and dioxins of raw syngas 
resulting in a cleaned or refined syngas compared to other thermal processes. This 
cleaner syngas might be suitable for production of the liquid fuels or renewable 
hydrogen gas. The high energy density and temperature attained in plasma process 
facilitates great heat and reactant transferal rates and allows attaining a significant 
volume reduction, resulting reduced reactor size to be installed for a specified waste 
amount and thereby maintaining economic sustainablity. 

The heat for plasma production is provided by electricity externally and not a 
portion of heat generated from treated substances is re circulated, making this process 
controllable and flexible i.e. waste input variability doesn’t cause problems [5]. Raw 
MSW can be fed to gas plasma treatment avoiding need for landfills and reuse of
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vitrified slag as construction material (potentially marketable tiles, bricks, etc.) makes 
it a lead runner of sustainable waste management. 

5 Landfill Mining Practices in India 

India with world’s 2nd largest population (1.27 billion), being in an industrializa-
tion phase, which adds to its rapidly changing to urbanization, i.e. people migrating 
from rural to city life. Unmanaged growth of population, increased industrializa-
tion, unplanned urbanization, are all increasing its per capita waste generation [17]. 
According to a data from central pollution control board (CPCB) 1.27 lac tonnes of 
MSW are generated per day and as per Ministry of State for Environments, Forests 
and Climate Changed (MOEF-2016). Out of 63 million tonnes of waste per year, 
5.6 million tonnes plastic waste, 0.17 million tonnes biomedical, 7.9 million tonnes 
hazardous waste and 50 lakh tonnes e-waste is reported (MOEF-2016). Contrary to 
this, a report by planning commission of India-2014 reveals that this much waste of 
62 million tonnes is only produced by 37.7 crore people living in urban areas per 
annum. And, at the current growth rate of generation it may reach 165 million tonnes 
per annum by 2031. Nearly 80% of this waste goes indiscriminately to landfills for 
dumping (which is the highest level of management so far achieved). On per capita 
basis, India produces 0.45 KG wastes per capita per day. The land area required for 
disposal by land filling is increasing by 1175 ha per year and by 2031, area required 
for dumping wastes would raise to 66 thousand hectors of land area for setting of 
10-m-high waste pipe for a projected life of 20 years of landfill (Fig. 7). India with 
only 5% of world’s land area could not afford this much land space for wastes. There 
are uncertainties in the data of waste and its characteristics; therefore, it is very much 
challenging to evaluate the land prerequisite as different reports give different data.

The working process including the air flow path and other mechanisms have been 
shown in the Fig. 5. 

6 Waste Characteristics and Composition 

The MSW generated in India is composed majorly of 

(a) Biodegradable wastes: Green wastes (vegetables and fruits), food wastes, 
kitchen wastes, etc. 

(b) Paper, glass, metal scrapes, empty bottles, plastic fractions, etc. 
(c) Construction and demolition wastes, dirt, debris-inert waste matters. 
(d) Medical wastes, e-wastes, paints, chemicals, spray cans, fertilizer bags, 

containers, etc. 
(e) Domestic hazardous waste, toxic wastes.
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Fig. 7 Forecast plot for MSW generation, land requirement and population from 2001 to 2051 [18]

In broader terms, Indian MSW contains large organic matter portion, ashes, fine 
earth, glass, paper, metals and plastics. The MSW has an organic matter fraction of 
40–60%, recyclables 10–30% and others, i.e. inert fractions 30–50%. In addition to 
these industrial sectors produces 100 million tonnes per year of non-hazardous solid 
wastes comprising of 70% or more of coal ashes, about 8% of hazardous wastes, i.e. 
about 8 MT per annum comprising 4.8 MT recyclables [17]. 

7 Indian Scenario of Solid Waste Management and Energy 
Production 

The Indian municipal solid waste management is a set of rules and regulations 
executed through urban local bodies (ULBs). These rules are in the form of munic-
ipal solid wastes management rules (MSWR-2000) and latest amended in 2016. Only 
70% of total waste generated is treated and rest 30% is thrown untreated. These ULBs 
are weak in execution to such a level that no city could even achieve 100% separation 
of wastes at source level. Scientific ways of disposing are achieved up to 12.45% 
only so far and the rest goes to dumpsites.
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7.1 Disposal Techniques Adopted 

Unscientific disposal is practised at every level of civilization from village to cities. 
A lot of waste produced could not even reach the designated dumping sides, is found 
in city peripheries, over the road sides, along the drains, scattered in green outskirts. 
The uncontrolled dumping is most common form of disposal in almost every city 
[19]. The direct disposal on low lying areas of city outskirts is prone to floods 
during monsoons leading to surface water contamination, non-sanitary conditions 
and leachate percolation to contaminate ground water resources [20, 21].The disposal 
to landfills is the final destiny of solid wastes after subjecting it to some treatment 
processes to reduce adverse environment impacting potential. 

7.2 Waste to Energy Scenario/Statistics 

The common treatment methods adopted are compositing, landfilling, thermal 
processes, etc., adopted for MSW and other wastes. These treatment processes 
depend up types of wastes, capacity of process to treat a specific waste, amounts 
of residue generation, cost involved, risk associated and safety to the environment 
issues [5]. 

The Indian MSW is reported to have a calorific value of 19.43 MG per metre cube 
and can yield on an average of 95 m3 CH4 per ton [19]. This calorific value/energy 
content is dependent upon composition and moisture content. This is equivalent to 
energy of 12.98 × 105 KWh per year given 80% efficiency of generators and 25% 
conversion efficiency [19]. The common disposal observes in in hierarchical order 
are as follows. 

7.2.1 Landfill Gas-to-Energy Plants 

Decomposition in landfills produces two major greenhouse gases CH4 and CO2. 
Indian landfills produce nearly 16 MMT CH4 per year of CO2 equivalence of from 
its landfills which accounts for about 1.95% of total global annual release. This 
landfill gas can be utilized to produce energy as electricity. The annual production 
of 62 million tons of MSW carries a potential of 72 MW of electricity from landfill 
gas burning per day. The schematic of electricity generation from land fill gases is 
shown in Fig. 8. This energy utilization of CH4 breaks it into CO2 and H2O which 
are less harmful as greenhouse gases. The biogas can be used for in-situ energy 
generation. Ministry of New and Renewable Energy (MNRE, GOI) has as per its 
report installed some plants like Solapur Plant (Maharashtra)—3 MW Capacities, 
16 MW Okhla Delhi Plant and planned to support many such projects. But, the lack 
of high calorific value matter in MSW, presence of inert wastes and non-permission
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Fig. 8 Electricity generation diagram from landfill biogas [22] 

by MSWR of leachate re-circulation in landfill sites to enhance gas production as is 
adopted in developed countries has made it a non-efficient process. 

7.2.2 Aerobic Digestion 

Aerobic bacteria decompose organic fractions of waste at a suitable moisture content 
and warmness into a nutrient rich product called humus or compost [18]. It can help 
to reduce volume of wastes by 50–85% [17]. The composting centre at Indore (MP) 
is one of the best maintained MSW composting centres. Mechanical composting 
units at Delhi, Bangalore, Vadodara and Mumbai were set up with capacities 150– 
300 tonnes per day. Other methods employed for composting is vermin-composting 
which is brought about by use of earth worms on semi-decomposed organic wastes. 
The largest vermin composting plant of India is located in Bengaluru; this plant has 
potential of 100 million tonnes per day. Smaller plants are located in other cities 
across India like Mumbai, Faridabad and Bangalore. 

7.2.3 Anaerobic Digestion/Bio-methanation 

The bio-methanation is an anaerobic break down of organic fractions of wastes to 
liberate bio-gas. The bio-gas richly contains methane (55–60%) and can be used as 
a fuel for generation of electricity, cooking purposes and inert residue can be used 
as manure. The utilization of industrial, agricultural and municipal wastes to bio-gas 
through this sustainable technique is highly encouraged by GOI. A number of such 
schemes are at planning and inception steps across India.
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7.2.4 Thermo-Chemical Technology 

The various waste-to-energy thermal processes (transformational facilities) are: 
incineration, pyrolysis, gasification and plasma gasification. These can create energy 
in the form of electricity, fuel or heat by mass burning of wastes. However, for 
effective results, MSW after pre-processing is used for these processes. 

7.2.5 Incineration or Mass Burning 

Incinerations simply means mass drying and high-heat burning of wastes. It reduces 
the volume of wastes by about 70% approximately. The products are large amount 
of heat, CO2, H2O in vapour form and ashes. This heat can be tapped to produce 
electricity. The low calorific value of waste, large biological part 40–60%, large 
moisture 40–60% and non-homogeneity due to inert faction makes Indian MSW 
unsuitable for effective incineration. In India, incineration is usually employed for 
medical wastes burning through small scale incinerators. Presently, no large-scale 
incineration plant in India. The other unsuitability of this process is the release of 
harmful dioxins and heavy metals like sulphur, nitrogen, and chlorine, etc., which 
are detrimental to environment. 

7.2.6 Pyrolysis 

Pyrolysis is thermal degradation of solid wastes at relatively lower temperature in the 
absence of air to release recyclable products in all three states of matter. The major 
benefit over incineration is very minute adverse impact on environs and relatively 
lower temperature range (400–900 °C) of operation. But, the high initial cost and 
operational cost hinder its use on commercial scale. 

7.2.7 Gasification 

Gasification is most attractive alternative to thermal treatment of solid wastes and 
produces combustible gas like hydrogen and synthetic fuels from carbonaceous 
wastes at elevated temperatures (500–1800 °C). It decreases pollution and upsurge 
heat recapture. India has few gasifiers are in action and are used to burn only agro 
bio-masses [18], e.g., NERIFIER Gasification Unit at Nohar, Rajasthan burns only 
agro wastes, forest wastes and sawmill dusts. Another unit is Tata Energy Research 
Institute (TERI) gasification unit at Gaulpahari, New Delhi. The effectiveness of 
gasification process depends upon supply of raw fuel as homogenous refuse-derive 
fuel (RDF), however, operating costs of RDF plant are higher (PCI-report).
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8 Conclusion 

Waste generation is inevitable with the present standards of life, so it has to be 
managed scientifically. With the available advancements in technology, waste gener-
ation can no longer be treated as a burden and its disposal can be made a poten-
tial source of much needed energy for day to day needs of anation. The review 
carried out for enhanced landfill mining forming important component of such 
waste management system with respect to available technologies can be concluded 
as below: 

• Although high temperature burning of wastes has been there since a long time, but 
impacts of end products on environment, shortage of land space for final disposal, 
etc., has led to highly advanced methods like gasification of wastes and plasma 
gasification. 

• Processes like twin-stage gas plasma process have actually been able to reduce 
wastes to almost zero level and recovery of both energy and products achieved. 

• With processes like plasma gasification, we may not require to store wastes in 
landfills, but burn it directly and even low calorific value wastes can be disposed. 

• Indian MSW being highly organic in nature is suitable for bio-chemical disposal. 
Although same is carried out at small scale, such treatments needs to be consid-
ered at large scale to meet country’s rising needs as well to enhance agricultural 
productivity. 

• At present, India should dispose wastes unsuitable for bio-chemical treatment, i.e. 
inorganic portion of MSW in engineered landfills with an intention of temporary 
storage till suitable economic and technological conditions arise for recovery of 
resources, at least these engineered landfills should be constructed with landfill 
gas recovery systems. 
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A Comprehensive Review of Mass 
Transfer Phenomenon in Gas-Liquid 
Phase Flow During Aeration 
in Wastewater Treatment 

Insha Imtiyaz, Krishnakant, Bishnu Kant Shukla, S. Varadharajan, 
and Gaurav Bharti 

1 Introduction 

Environmental pollution is one of the serious global challenges which touches almost 
all parts of the planet. There are various types of pollution like water, land, air and 
noise pollution and among them, water pollution is the most pernicious because 
water being a universal solvent can dissolve more substances than any other liquid 
on the earth [1]. One of the ways to prevent water bodies from getting polluted is 
to treat the wastewater before it is being discharged into the ecosystem. Liquid–gas 
mass transfer mechanism plays a major role in wastewater treatment because the 
oxygen level of wastewater is very less due to the presence of unwanted materials. 
The gas–liquid mass transfer mechanism is used in wastewater treatment for trans-
ferring O2 in biological treatment processes, for stripping solvents from wastewater, 
and removing volatile gases such as H2S, NH3. Aeration is one of the examples of 
mass transfer process where interphase diffusion occurs. This process is all about 
the interaction between ambient air and water with aerodynamic and hydrodynamic 
forces acting between them. The mass transfer mechanism is used in many processes 
which include absorption, evaporation, drying, precipitation, membrane filtration 
and distillation and hence plays a major role in those industries where this mech-
anism is used in working, such as biological engineering industries, petrochemical 
industries. Different methods of gas–liquid mass transfer are available to induce 
dissolved oxygen into water bodies such as diffusion through bubbles, aeration by 
jet mixtures, gas jet aerators, plunging jet aeration by the means of surface jet aerators 
and static tube mixtures. The surface jet aeration mechanisms are widely used in this
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process because of their ease in installation and reliable operation and maintenance 
cost along with high oxygen transfer efficiency. Factors that affect the gas transfer, 
like Physical properties of gas and liquid medium are temperature-dependent [2]. 
A substantial number of researchers carried several experiments in which they used 
plunging water jets [3–7] to get more insights on the mechanism of gas–liquid inter-
phase mass transfer. In further studies. [7, 8] examined the factors affecting rate of 
mass transfer. Furthermore, researchers examined the efficiency of gas–liquid diffu-
sion in aerated filters used by biochemical industries [9]. Deswal and Verma [10] 
studied further and various other models like multiple inclined plunging jets [11] 
and hollow plunging water jets [12] were tested for oxygen transfer efficiency and 
gas–liquid mass transfer rate. 

2 Theory  

Mass transfer in gas–liquid interphase is an integral mechanism followed in various 
chemical, petrochemical industries and water treatment plants. Therefore, it becomes 
important to estimate the parameters for measuring the efficiency of the mass transfer 
mechanism. Furthermore, it is important to determine the factors affecting mass 
transfer rate like velocity of liquid jet, length of jet, number of jets, diameter of jet 
during testing several models, discharge through the liquid jet, nozzle shape, etc. 
to gain better understanding of the mechanism involved in mass transfer. Equations 
have been presented in this section to determine different parameters affecting mass 
transfer rate. 

dc(t) 
dt

= KL A 
1 

vt 
[cs − c(t)] − 

Q 

vT

[
c(t) − c

(
t − 

vp 

Q

)]
(1) 

where cs is saturated concentration of DO, Q is the jet flow rate, vt represents the 
quantity of the water in the model tank, vp denotes the volume of water contained 
in pipes used for circulation and KL A implies to oxygen transfer factor at non-
standard conditions. Further, when, vp is negligible as compared to vt , further when 
we simplify Eq. (1) we get. 
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V
= 1 
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dc  
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where V denotes the quantity of water in closed testing system and for calculation 
purposes, its quantity is assumed to be same as the water that tank contains. Now if 
we integrate Eq. (2) we will get: 

KL A 

V 
= 

1 

t 
ln

[
cs − c0 
cs − ct

]
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where c0 is the DO concentration at the start of the experiment. Since the conditions 
when the experiments were conducted was not standard, therefor we need to find 
KL A value at standard conditions when pressure is 1 atm, and temperature is of 20 
°C denoted as (KLa(20) ). We can compute its value by using the relationship given 
below: 

KLa(20) = KL A 

(1.024)(T−20) (4) 

where by K(20) is Volumetric oxygen transfer factor at standard conditions and non-
standard temperature during experiment is denoted by T (c°). Moving further, jet 
power in mass transfer phenomenon, denoted by P (in kW) can be determined using 
this relationship. 

P(KW  ) = 1 

2
(
ρ Qv2 

j

) × 10−3 = π/8 × (
ρnd2 

j ν
3 
j

) × 10−3 (5) 

where ρ is density (Kg/m3), Q is discharge (m3/s), vj is velocity of jet (m/s), j is the 
jet diameter (m). It can be observed from the Eq. (5) that jet power for mass transfer 
has a direct proportionality with the jet velocity, the diameter of jet and the number 
of jets. 

3 Literature Review 

A compendious review of literature is a crucial part of the research study to understand 
what work had been done in a particular field along with the main methodology and 
research techniques used. It helps to understand the gap areas and open questions 
left in those study, and how further research can help to fill those gap areas. So a 
comprehensive literature review comprising of major breakthrough in surface jet 
aeration technology has been presented in the following paragraphs. 

Van de Sande and Smith [13] Conducted a comprehensive study to measure the gas 
transfer rate from bubbles to the liquid media. Experiments were performed with the 
fixed diameter (dn) of nozzle, velocity of jet and only length of the nozzle was varied 
and it was found that the amount of air entrained depends on entrainment region. 
Furthermore, a direct proportionality was observed between total mass transfer from 
bubbles and the airflow rate. 

Tojo and Miyanami [14] Studied distinctive features of the down-flow jet mixer 
and compared it with up-flow jet mixer based on mass transfer rate using two types 
of tanks (rectangular and circular) and a circular nozzle. It was found that in a down-
flow jet mixer, the gas–liquid mass transfer may increase with upsurge in jet length 
and velocity of liquid jet while in the up-flow jet mixer with increase in airflow rate,
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mass transfer rate increases. Based on experimental results, it was concluded that the 
down-flow jet mixer is more competent for oxygen–transfer (Ka) as compared to the 
up-flow jet mixer. 

Comprehensive study was conducted on plunging liquid jet absorber to study the 
mechanism of gas–liquid interphase mass transfer on two different systems: one had 
complete liquid phase and the second had ionic salts mixed in the liquid medium 
to test the mass transfer behavior [3]. After substantial analysis, it was found that 
unlike jet length, jet velocity and the angle of inclination had a significant effect on 
the mass transfer factor. In addition to this, it was found that through an interfacial 
area of the range 500 to 1000 m2/m3 gas fused rigorously into the liquid phase. 

Study was done on plunging jet systems concerning CO2 absorption in water and 
dependency of the absorption rate was investigated for various factors like diameter 
of nozzle, velocity of liquid and length of the jet [4]. A set of experiments were 
conducted by varying nozzle diameter of 1.2, 2, 3, 3.5 and 6 mm and with a liquid 
flow rate between 1.1 × 10−5 and 23.3 × 10−5m3s−1. After substantial analysis, it 
was found that the rate of CO2 absorption increases with upsurge in value of nozzle 
diameter, the liquid velocity at the nozzle and jet length through the gas phase. 

A comprehensive study was done by researchers [2] to check variation of liquid 
film coefficient when there was change in temperature for gas transfer through the 
water–air interface. Earlier an empirical formula was used to depict the dependence 
of KL (liquid film coefficient) on Schmidt number and θ (θ is constant and its value is 
1.0241). After the substantial study, an equation was derived to accurately determine 
the Temperature Correction Factor (f c), which had its dependence on Sc−1/2 (Sc 
= Schmidt number) and it gave better results than the empirical equation with θ 
= 1.0241. Different aspects thoroughly related to entrainment of gas by plunging 
liquid jet such as mechanism involved, conditions of onset environment, amount of 
the entrained gas and mass transfer was studied in detail in 1988 [6]. After extensive 
analysis, it was concluded that for nozzles with l/d0 ≥ 4 the entrainment ratio is 

proportional to
(

L j 
d0

)0.5 
to

(
L j 
d0

)0.5 
for the value of Lj/d0 < 100 and if Lj/d0 > 100 

then it is proportional to
(

L j 
d0

)0.7 
where l, Lj, d0 are the length of the cylindrical 

section of the nozzle, jet length, nozzle diameter, respectively. 
Cummings and Chanson [15] examined the mechanism of air entrainment by 

plunging liquid jets along with new experimental evidence. He performed a set of 
experiments in large vertical supporting jets with the mean velocity at jet impact (v1) 
between 0.3 < v1 < 9 ms−1. He found that air bubble responsible for mass transfer 
is observed only when jet velocity exceeds the critical velocity of about 1.1–2 ms−1 

for a two-dimensional vertical jet experiment. 
Yamagiwa et al. [7] studied oxygen transfer rate of plunging jet reactors with 

varying viscosity of liquid. In the experiment Corn Syrup (Newtonian Fluid) of 
varying concentration from was used, corresponding values of viscosity and density 
ranged from 2.60–40.5 mPa to 1130–1277 kg/m3, respectively. After substantial anal-
ysis, it was found that depending upon the viscosity of liquid air entrainment charac-
teristic was divided into three regions, where oxygen transfer rate sharply decreased,
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remained constant and slightly increased with the liquid property depending upon 
jet Reynolds number. 

Bagatur et al. [16] studied the aeration performance of plunging jet and conducted 
a set of experiments by using models of different nozzle shape and keeping velocity 
of jet between 2 and 20 m/s and with jet length = 0.15 m. It was found that nozzle 
of elliptical shape gave highest oxygen transfer coefficient for air entrainment by 
plunging jet and its efficiency to transfer oxygen was higher than circular nozzle. 

Chanson et al. [17] examined the factors affecting bubble dispersion and rate of 
air entrainment by using vertical circular plunging jet models. Three models were 
studied with a jet nozzle diameter of 6.8, 12.5 and 25 mm & air–water dispersion 
was calculated wide number of flow conditions but for same Froud Number. After 
extensive analysis, similar flow patterns were observed for all the three models, 
for low velocities, no bubbles were observed at the jet impact surface but as the 
velocity increased bubble entrainment was seen, smaller bubbles in the size of range 
0.5–1 mm followed a helicoidal path about the jet center-line. Furthermore, bubble 
chord size and bubble chord time were measured and the results depicted a direct 
proportionality between mean chord size and jet velocity for a give cross-section. 

Emiroglu and Baylar [18] examined the air entrainment behavior of a venturi 
device having nozzle shape different than conventional nozzles by varying the 
numbers and positions of air holes along the convergent-divergent passage. They 
found that efficiency of oxygen transfer (OE) decreases with increase in jet velocity. 
Furthermore, air entrainment rate (QA) values of the venturi device was found to be 
greater than the models with circular shaped nozzle. 

Baylar and Emiroglu [8] studied gas entrainment properties of circular nozzles 
with and without air holes by keeping velocity of water jet at different velocities, 
between 2.5 and 15 m/s and keeping the plunge angle of the water jet at 45°. Greater 
value was detected for rate of air entrainment and efficiency of gas transfer in case 
of circular nozzles with air holes as compared to nozzles without air holes. 

Leung et al. [9] studied the effect of water and airflow rate, temperature of liquid 
and gas holdup on oxygen transfer coefficient by using a bench-scale up-flow BAF 
column setup (1.3 m high) with spherical support gravel nominal diameter of 19 mm 
and 25 mm). After extensive analysis of experimental results, it was detected that the 
coefficient of oxygen transfer (KLa ) increases with increase in water temperature 
and liquid velocity. In addition to that gas holdup in clean as well as wastewater 
increases with upsurge in superficial gas velocity. 

Deswal and Verma [19] conducted a comprehensive study on a conical shaped 
plunging jet of diameter 64.5 mm and having plunge angle of 600, to determine the 
coefficient of oxygen transfer and its efficiency. The thickness of the jets was kept 
as 1.9 mm, 2.72 mm and 3.77 mm and results were analyzed for different flow rates. 
It was found that the coefficient of oxygen transfer increases with upsurge in the jet 
velocity, thickness of the jet and jet power. 

Deswal and Verma [10] studied multiple plunging jets to compute its air entrain-
ment efficiency and coefficient of oxygen transfer by varying number of jets and 
jet diameter used and the jet number was varied as 1, 4, 8 and16. After substantial 
analysis, it was detected that with increase in number of the jets both coefficient
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of oxygen transfer as well as air entrainment efficiency increases. Furthermore, air 
entrainment efficiency of multiple plunging jets was found to be greater than single 
jet when jet power is kept constant. 

Deswal [11] conducted a set of experiments to compute coefficient of oxygen 
transfer (KLa(20)) and efficiency of oxygen transfer of multiple inclined plunging 
liquid jets (plunge angle kept at 60°) at different jet flow rate of 1.33 × 10−3, 1.8  × 
10−3, 2.5  × 10−3, 3.1  × 10−3 m3/s with varying jet diameters and number of jets. It 
was found that (KLa(20)) for multiple inclined plunging liquid jets increases with 
upsurge in jet velocity. Coefficient of oxygen transfer of multiple inclined plunging 
jet was also found to be greater than that of single jet if jet power is not varied. 

Deswal [12] conducted a set of experiments with hollow plunging jet models by 
varying thicknesses of jets (tj = 1.95, 2.85 and 3.97 mm). The model was examined 
at different jet flow rate, viz., 1.33 × 10–3, 1.88  × 10–3, 2.5  × 10–3 and 3.1 × 10–3 
m3/s. It was found that coefficient of oxygen transfer in case of hollow plunging jet 
increases with upsurge in velocity of jet and (P/V ) value of jet, while oxygen transfer 
efficiency decreased with upsurge in (P/V ) (Fig. 1). 

Kumar et al. [20] studied various regression techniques predict the coefficient of 
oxygen transfer (KLa) and its efficiency for hollow jet aerator models. The models 
were tested for jet velocity and discharge maintained from 1.69 to 9.74 m/s and 
2.18 to 15.5 L/s. it was found that (KLa) value increases with the upsurge in jet 
velocity while oxygen transfer efficiency decreases with upsurge in jet velocity for 
all configuration of apparatus used in experiment. Furthermore, it was concluded 
that the RBF kernel-based Gaussian process regression (GPR) technique is best to 
predict coefficient of oxygen transfer. 

Shukla and Goel [21] conducted a comprehensive study to estimate oxygen 
transfer factor (KLa(20)) of aerator model by varying total number and area of 
opening. The experimental models were tested for different discharge rate viz., 1.11 
l 
s , 2.1  l s , 2.96  l s , 3.83  l s , 4.69  l s . It was found that the factor of oxygen transfer is 
directly proportional to discharge regardless of the number of openings of jets and 
when discharge was fixed aerators those had a larger area of openings had greater 
values of oxygen transfer (OE).

Fig. 1 Variation of oxygen transfer factor w.r.t. different inputs parameters [12] 
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Kumar et al. [22] studied the application of various regression techniques such 
as Gaussian Process Regression (GPR) techniques and Support Vector Regression 
(SVR) for determining the coefficient of volumetric oxygen transfer for plunging 
hollow jet models. It was deduced that SVR model can predict oxygen transfer 
factor more accurately by using radial basis function as kernel function as compared 
to other regression models using different kernel function. 

Shukla et al. [23] conducted a set of experiments to examine solid jet aerators 
for their oxygenation performance with circular opening by varying length of the jet 
and area of the flow. It was found that Oxygen transfer coefficient (KLa) for solid 
jet holds a direct proportionality with the jet velocity, length of the jet and discharge. 
Furthermore, it was observed that Oxygen transfer efficiency (OE) decreases with 
the upsurge in discharge and velocity. 

Kumar et al. [24] studied different regression techniques of modeling such as 
multiple nonlinear regression technique (MNLR), artificial neural network (ANN), 
in addition to that he used adaptive neuro-fuzzy inference system (ANFIS) and multi-
variate adaptive regression splines (MARS) to analyze different experimental data. 
He compared different regression techniques to determine best modeling technique 
for predicting the value of oxygen transfer factor (KLa) of hollow plunging liquid jets. 
He found that ANFIS as well as ANN are best regression techniques for predicting 
(KLa) value in comparison to MNLR, MARS and GRNN. 

4 Conclusion 

This paper summarizes the extensive research done on gas–liquid multiphase mass 
transfer mechanism using various models with different liquid jet velocity, jet length, 
discharge through the liquid jet, nozzle shape, jet diameter and following conclusions 
have been drawn on basis of the present study: 

• After substantial analysis, it was found that the rate of gas–liquid mass transfer 
increases if there is increase in nozzle diameter, velocity of jet and jet length 
through the gas phase. Furthermore, it was found that geometry of nozzle plays a 
significant role in mass transfer rate. 

• Bubbles responsible for mass transfer were only observed when velocity of jet 
was larger than the critical velocity of about 1.1 to 2 ms−1 for a two-dimensional 
vertical jet experiment. 

• Upsurge in coefficient of oxygen transfer (KLa) was detected if there was increase 
in water temperature, velocity of jet, thickness of the jet, jet power and number 
of jets. 

• Rate of mass transfer for circular shaped nozzles without air holes was found to 
be less than that of circular shaped nozzle with air holes. 

• It was also concluded that inclined jets are more efficient for mass transfer in 
gas–liquid phase as compared to the vertical jets.
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• There has not been any study to examine the effects of multiple aerators in a single 
model. 
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Recycled Waste Materials



Utilization of Different Supplementary 
Cementitious Materials and Recycled 
Concrete Aggregate for Stabilization 
of Pavement Base Layer 

Tanna Manohar, Nemmadi Vasudeva Rao, and Jyoti Prakash Giri 

1 Introduction 

Based on the demand of rapid urbanization as well as the scarcity of dumping lands, 
the use of waste materials in the field of construction is increased worldwide including 
India. The continuous use of raw materials leads to depletion of the natural resources. 
To resolve this issue, researchers and engineers need an effective method of utilizing 
the wastes those are originated from daily life as substitute materials in the various 
construction processes. 

One of the wastes is demolition concrete, are occurring from various sources 
such as old air terminal runways, bridges, old structures, and concrete roads. These 
obtained wastes are processed to make them suitable for construction activities, and 
these processed materials are termed as recycled concrete aggregates (RCAs). The 
usage of RCA can be observed in various layers of pavements in past few decades, and 
found that, it is a good replacement material to natural resources. From past studies, 
it was observed that, recycled asphalt pavements (RAPs) used in base and sub-base 
layer of the pavement with cement addition to different types of fiber offering similar 
performance in the form of bearing strength as well as durability compared to the 
layer compacted with natural aggregate [1–7]. 

Keeping view on this, the main objective of the study on the usage of RCA at 
base layer of pavement with cement, ground-granulated blast-furnace slag (GGBS), 
pond ash (PA) and comparing their performance with the conventional base layer. To
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find the objective, the base layer mixture has prepared with coarse aggregate fraction 
of the natural aggregate (NA) and RCA with addition to 5% of binder like cement, 
GGBS, and PA. Further, the performance studies have conducted through California 
bearing ratio (CBR) test and an unconfined compressive (UCS) test. 

2 Materials 

2.1 Aggregate 

The natural aggregates are collected from the nearby quarry of Rajam, Andhra 
Pradesh. The RCA is collected from the old building parts and laboratory tested 
sample prepared for different testing purpose in college campus. The physical 
properties of them are in the laboratory and represented in Table 1. 

2.2 GGBS 

The GGBS is collected from the steel plant at Vishakhapatnam. GGBS is a by-
product, generated from iron ore mixed with lime stone and coke while burning in 
the blast furnace. The properties of the GGBS are found in the laboratory listed below 
in the Table 2. 

Table 1 Physical properties of NA and RCA 

Tests Specification NA RCA Recommended value [8] 

Specific gravity [9] 2.74 2.58 

Water absorption (%) 1.15 5.57 <2 

Crushing value (%) 22.67 28.39 <30 

Aggregate impact value (%) [10] 16.83 22.75 <30 

Los-Angeles abrasion (%) 27.86 33.46 <40 

Table 2 Physical properties 
of GGBS 

S. no Tests Experimental value 

1 Consistency (%) 32 

2 Soundness (mm) 4 

3 Fineness modulus 0.14 

4 Specific gravity 2.96
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Table 3 Physical properties 
of pond ash 

S. no Tests Experimental value 

1 Fineness (m2/kg) 246 

2 Specific gravity 2.15 

Table 4 Physical properties 
of cement 

S. no Tests Experimental value 

1 Specific gravity 3.15 

2 Initial setting time (min) 40 

3 Final setting time (min) 510 

4 Consistency (%) 32 

2.3 Pond Ash 

The pond ash is collected from the NTPC Parawada, Vishakhapatnam. The pond ash 
is obtained from the coal-based thermal plants, and it is a mixture of fly ash and 
bottom ash which are dumped together in an ash pond. The properties of the pond 
ash are observed in the laboratory presented in Table 3. 

2.4 Cement 

Cement of grade 53 is collected from the local store. The physical properties of the 
cement found in laboratory are listed in Table 4. 

2.5 Sample Preparation and Tests 

The experimental work mainly aims at utilizing the RCA with cement and other 
types of cementitious materials like GGBS and pond ash in the base layer of the 
pavement. Six different proportions are considered for this study containing NA 
and RCA as main fraction addition to these three types of cementitious materials. 
The RCA mixed with the cement represented as RCAC; RCA mixed with GGBS 
represented as RCAG, and the RCA with pond ash is represented as RCAP. In 
similar way, NA with cement, GGBS, pond ash are represented as NAC, NAG, 
NAP, respectively. The compaction parameters and performance study are done using 
modified proctor test, California bearing ratio (CBR) test (both soaked and unsoaked 
condition), and unconfined compressive strength (UCS) test, respectively, with 5% 
of binding materials by total weight of sample for all six mixtures as shown in Figs. 1, 
2, 3, and 4 [10–12].
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Fig. 1 Sample preparation a mixing b compaction 

Fig. 2 CBR testing setup

3 Experimental Outcomes and Discussions 

3.1 Compaction Parameters 

The results of the compaction tests for the sample prepared with 5% binding mate-
rials are represented in Table 2. From Table 2, it is detected that, the OMC of the RCA 
increases, and the dry density for the same is decreased. This might be due to the pres-
ence of sand–cement coat on the surface of RCA, and it absorbed more percentage of 
water. However, it is reversed when the mixtures are prepared with natural aggregate, 
i.e., low OMC and high MDD compared to RCA mixtures (Table 5).



Utilization of Different Supplementary Cementitious Materials … 143

Fig. 3 Prepared UCS 
sample 

Fig. 4 Curing of UCS 
sample

Table 5 Compaction 
parameters (OMC and MDD) 

S. no Sample OMC (%) MDD (g/cc) 

1 NAC 8 2.34 

2 NAG 10 2.22 

3 NAP 11 2.19 

4 RCAC 12 2.17 

5 RCAG 11 2.19 

6 RCAP 9 2.2
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3.2 Strength Characteristics 

The variation of CBR for the NA and the RCA samples is represented in Fig. 5. 
From Fig. 5, it is observed that, the NAG is the highest CBR value compared with 
the other mixtures considered in this study under unsoaked condition. Whereas, in 
soaked condition, the highest value is observed for sample NAC followed by RCAC. 
From Figs. 5 and 6, it is found that, the soaked CBR value is more as compared to 
unsoaked one. The reason behind this may be the hydration process happened under 
the presence of water with cementitious materials. However, addition of the GGBS 
and cement to the RCA offering a significant performance in the CBR values which 
is nearly similar to NA mixes. 

Fig. 5 Results of unsoaked CBR 

Fig. 6 Results of soaked CBR with different types of cementitious materials



Utilization of Different Supplementary Cementitious Materials … 145

Fig. 7 Results of UCS with different types of cementitious materials 

The unconfined compressive strength of all the mixtures considered is represented 
in Fig. 7. From this figure, it found that, the NA mixed with cement offering the 
highest UCS value followed by RCAC. Whereas, the lower values are found for the 
mixtures prepared with pond ash. The reason behind this may be due to the lack of 
binding quality of pond ash with course aggregate. 

4 Conclusions 

From this experimental investigation conducted on six different types of mixtures 
containing 5% of cement, GGBS, and pond ash, the following conclusions are drawn. 

• The maximum dry density is found for the sample prepared with NAC, whereas 
the maximum dry density for sample compacted with RCAC. 

• From the CBE test, maximum unsoaked CBR value is observed for NAG 
followed by RCAG compared to others in unsoaked condition. Whereas, in soaked 
condition, the maximum CBR value is found for NAC followed by RCAC. 

• The maximum unconfined compressive strength is offered by the sample prepared 
with NAC followed by RCAC. 

Based on the abovementioned experimental results, it may conclude that, the 
use of RCA and non-conventional cementitious materials in the base and sub-base 
layer pavement is possible as they are offering nearly similar result compared to 
conventional one. Hence, the uses of these waste materials in pavement construction 
conserve the natural resources as well as solve the dumping problem of them.
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Review on Fresh and Hardened 
Properties of Concrete Incorporating 
Silica Fume 

Gurbej Singh, Kanish Kapoor, Paramveer Singh, and Mudasir Nazeer 

1 Introduction 

SCC development in the construction industry is an outstanding achievement in 
solving case problems. It is not affected by the skill of the team, but due to the high 
water content and resistance to discrimination, it can be pushed long distances if 
necessary. The term SCC was coined in 1986, but the model was first introduced in 
1988 at the University of Kochi in Japan. During this time, SCC was designed to 
increase durability, shorten construction time and achieve better surface quality for 
concrete structures. The SCC exhaust does not require additional internal or external 
compression vibrations. It floats like a “treasure” and has a very smooth surface after 
insertion. In terms of structure, SCC has the same material as traditional vibrating 
concrete, namely, concrete, additives and water, as well as the addition of additional 
chemicals and minerals, in different numbers. The importance of determining the 
overall suitability of recycled materials has increased in recent years with a growing 
emphasis on sustainable construction. 

1.1 Self-Compacting Concrete 

Self-Compacting concrete (SCC) can also be defined as fresh concrete that flow 
under its own weight and does not require external vibrations for compression. It is 
used in construction where it is difficult to use a vibrator to compact concrete. Filling 
and passage capacity and partition strength are properties of self-installing concrete.

G. Singh (B) · K. Kapoor · P. Singh · M. Nazeer 
Department of Civil Engineering, Dr. B. R. Ambedkar National Institute of Technology, 
Jalandhar, India 
e-mail: gurbejs.sc.19@nitj.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
A. K. Agnihotri et al. (eds.), Proceedings of Indian Geotechnical and Geoenvironmental 
Engineering Conference (IGGEC) 2021, Vol. 2, Lecture Notes in Civil Engineering 281, 
https://doi.org/10.1007/978-981-19-4731-5_13 

147

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4731-5_13\&domain=pdf
mailto:gurbejs.sc.19@nitj.ac.in
https://doi.org/10.1007/978-981-19-4731-5_13


148 G. Singh et al.

SCC has superior fresh flow capacity that compacts and compresses the material 
without separation problems. The materials, tests and properties of self-hardening 
concrete are described in the following sections. 

1.2 Need of Utilization of Silica Fume in Concrete 

Silica fume (SF) is a byproduct of the smelting processes in the silicon and ferro-
silicon industries. It is also called micro-silica, condensed silica smoke, vaporized 
silicate, or silica smoke. The color of premium silica fume is white or gray. Quartz 
smoke consists of very fine glass particles with a surface area of between 13,000 and 
30,000 m2/kg. The particles are about 100 times smaller than the average cement 
particle. Due to its fineness and high silica content, silica smoke is a very effective 
pozzolanic material. Silica is generally used in concrete to improve its properties. 
Silica fumes have been found to increase compressive strength, adhesion strength and 
abrasion resistance; reduced permeability; thus improving the corrosion protection 
of reinforced steel. 

1.3 Advantages of Silica Fume in Concrete 

• Silica fume is a type of inorganic neutral filler with very stable physical and 
chemical properties. It does not contain crystallized water, does not participate in 
the sedimentation reaction and does not interfere with the reaction mechanism. 

• The particle size distribution of silica fume is reasonable, high compression, high 
hardness and wears resistance. It can greatly improve the tensile, compressive, 
impact and wear resistance of the hardened product, and the abrasion resistance 
can be increased 0.5–2.5 times. 

• It can increase the thermal conductivity, change the viscosity of the adhesive and 
improve the fire resistance. 

• The exothermic peak temperature of the epoxy resin curing reaction can be 
reduced, the linear expansion coefficient of the compressed product and the 
shrinkage rate of the solidified product can be reduced to relieve internal stress 
and avoid cracking. 

• Due to the fine particle size and adequate distribution of silica dust, it can 
effectively reduce and eliminate precipitation and stratification. 

• Pure silicone powder, small impurities, stable physical and chemical properties, so 
that the hardened material has good insulating properties and good arc resistance. 

• Low bulk density, 0.2–0.8 or 1–2.2. As a polymer filler, it can reduce the cost by 
reducing the amount of loading and the amount of polymer. 

• Good frost resistance and relatively fast elastic modulus of micro-silica after 
300–500 fast closing/opening is 10–20%, and the elastic modulus of concrete of 
30–73% is usually 25–50 cycles. Therefore, the frost resistance can be improved.
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2 Findings of Silica Fume 

• Strength properties like compressive strength are evaluated and compared with 
test results for concrete and traditional concrete, and different percentages of 
quartz dust are adjusted for the burden of the concrete after 7, 14 and 28 days of 
testing. 

• Silica fume is one such industrial byproduct, which is getting used and experi-
mented upon to get a stronger and sturdy concrete. 

• The use of SCC is seen as an answer to boost filling that’s not easily accessible 
with traditional cubic methods. 

• By creating a mix of blends with this product, we found that the resistance to the 
GGBS blend increased by 20% and therefore the instinctive fire by 4.23%, so it 
decreased. 

• The use of silica in concrete has technical possibilities and economic advantages. 
• The high water absorption and porous structure of the RCA are the most challenges 

when using the RCA in SCC, which needs high flow power and good technical 
strength. 

• The substitution of 50% CRCA and 25% FRCA within the SCC mixture showed 
a small decrease within the nature of the hard SCC compared to the SCC created 
by the positive and negative addition. 

• The output capacity of SCC has been significantly reduced by over 50% for RCA 
use. 

• Slump flow, V-funnel, column segregation, sieve segregation, segregation probe, 
U-shaped box, and VSI tests are utilized in the study. 

• Power reduction is eighteen when 100% total recycling is integrated. 
• The significant decrease in compressive strength was no quite 43% to 100% of 

the speed of the glass waste. 
• After the primary day of preparation of the concrete, a rapid absorption of water 

is observed, this gradually fades over time. 

3 Objectives of the Study 

• For understand the utilization of self-compacting Concrete within the industry. 
• To compare natural materials with recycled concrete aggregate. 
• For determine the properties of Self-compacting concrete at fresh and hard stage 

of concrete. 
• To understand the various mechanical and durability properties of SCC containing 

silica fume and its effects on the properties.
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4 Effect of Silica Fume on the Fresh Properties of Concrete 

4.1 Workability Test 

Except for SF30, all of the fresh specimen has a slump flow diameter conform to 
AFGC and EFNARC recommendation, VMA 0.25 and VMA 0.30 which concluded 
a slump flow diameter of less than 60 cm. These results represent that the introduction 
of silica fume as a partial replacement by weight of cement ended to a decrease in 
slump flow diameter values. The fact that the silica fume has fineness and Pozzolanic 
properties due to which, it is very reactive in nature and which leads to increase the 
inter-particles friction. The VMA increases fixing of free water and cohesion, and 
which result in decrease of the slump flow [1]. 

When silica fume is added in concrete, it is found the concrete already required 
more water/cement ratio to obtain same workability as normal concrete. The higher 
amount of water requirement is may be because of higher surface area of silica fume 
particles [2]. 

5 Effect of Silica Fume on the Hardened Properties 
of Concrete 

5.1 Compressive Strength 

Influence of silica fume in concrete of grade M40 by using M-sand instead of river 
sand. They observed that 10% silica fume replacement with cement provides better 
results than 0% silica fume replacement concrete. High amount of calcium content 
and silica content concrete has shown more impact on the improvement of strength. 
They also use Metakaolin and GGBS as a replacement of cement and found that, up to 
10% of replacement level, strength improves to 6% more compare to 0% replacement 
in both cases. They finally confirmed that out of all replacement, 10% silica fume 
replacement is more efficient in improving the compressive strength of concrete [3]. 

For the compressive strength test, they prepare cementations material containing 
the untreated silica fume and denoted as CL0. and that containing sonicate silica 
fume as CL1.Test was conducted as per BS 196–1.They reported an increment in the 
value of compressive strength compare to normal cement concrete For CL1, value 
obtained about 60 MPa, 86Mpa and 100Mpa and for CL0 52 MPa, 80 Mpa and 
90 Mpa at the age of 3 days, 7 days and 28 days, respectively. It is because of the 
fine particles in CL1 results in large surface area. It gets compacted better in between 
fine grain cement [4]. 

There was an increase in compressive strength by replacing silica fume with 6, 8, 
10, 12 and 14% by weight of cement. An increment of 14.7% in compressive strength 
was there when 10% silica fume added in the concrete. It was the highest among
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other replacement levels. Again, they start replacing Natural Courses Aggregate 
with Recycled Coarse Aggregate. Compare to control mix concrete they observed 
2.18% increment on compressive strength when 40% Recycled Aggregate with 10% 
silica fume is replaced, which was more than other combinations. They concluded 
that 10% silica fume and 40% Recycled Aggregate will provide more significant 
strength then other replacement levels. The reason may be higher density of silica 
fume on concrete, they added [5]. 

They perform an experimental study on silica fume mix concrete. They tested 
compressive strength with different percentage combination of silica fume replacing 
cement. Tests were conducted at curing period of 7, 14 and 28 days and compared with 
absolute 0% silica fume mixed concrete. They observed an increment in compressive 
strength up to 10% of silica fume replacement. After that the strength decreases. They 
confirmed it with M25 and M30 grade concrete mix [6]. 

5.2 Flexural Strength 

Author use M30 Grade concrete and there mix proportions were 10% of silica fume 
and GGBS used as 0, 40, 50 and 60% of cement weight. The water cement ratio main-
tained 0.45. The average flexural strength results of different specimens compared to 
normal cement concrete shows that there is a significant increase in flexural strength. 
At 50% replacement of GGBS and 10% of silica fume has the maximum flexural 
strength of 6.28 Mpa compare to all proportion, where controlled concrete provide 
strength of 5.2 Mpa [7]. 

Investigate the effect of silica fume in the flexural strength of concrete. They tested 
with M25 and M30 grade of concrete with partial replacement of silica fume (0, 2.5, 
5, 7.5, 10, 15 and 20%). They concluded that with 10% replacement of silica fume 
with cement in concrete shows maximum flexural strength (5.02 N/mm2) compare 
to other replacement levels [6]. 

Author studied the effects of carbon nano-tubes on the flexural strength of 
cement—silica fume carbon nano-tubes cement mortar. Silica fume is present 10% 
by weight of cement. Water /Binder ratio of 0.5 was used for all mortar mixes. They 
found that mortar with silica fume has higher strength and when carbon nano-tubes 
were introduced on the mortar, it further increases the flexural strength [8]. 

Author reported that for a constant water/cement ratio and percentage of silica 
fume increase the yield stress and plastic viscosity in concrete. They further 
concluded that Silica fume also influence the flexural strength to a certain point 
in concrete. According to their test results, flexural strength exceeds to 9.2 Mpa 
for 30% replacement of cement which was the highest strength compare to other 
replacement combinations [1].
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5.3 Split Tensile Strength 

Observed that there is a decrease in the split tensile strength as the percentage of 
silica fume is increasing in the concrete. For 28 days of curing period, controlled 
specimen has more strength then rest of the proportions. The test results show split 
tensile strength of 3.41Mpa for 50% replacement, which was the maximum value 
for silica fume mixed concrete [7]. 

A comparative study to fine out the effect of silica fume, metakaolin and GGBS 
on the split tensile strength. They took M-sand instead of river sand. And partially 
replaced cement with all pozzolanic materials by varying percentage (5, 10 and 15) 
one by one. Test was conducted after a curing period of 7 and 28 days. Comparing 
all values, silica fume with 10% replacement provides the maximum split tensile 
strength (5.6 N/mm2) then Metakaolin (5.53 N/mm2) and GGBS (5.29 N/mm2) [3]. 

Author prepared a composite mineral admixture by grinding a mixture of silica 
fume and steel slag. They took 92:8 or 84:16 as the steel slag/ silica fume ratio 
proportion by mass. They confirmed that a proper percentage of cement replacement 
with this admixture will add strength to the concrete. It also helps to reduce drying 
shrinkage of concrete. They found an increment of 9.2% in split tensile strength 
compare to plain cement concrete when admixture was added to 30% by weight of 
cement [9]. 

Use recycled Aggregate rejected by precast elements having compressive strength 
75Mpa instead of natural Aggregate to find the mechanical properties of high-
performance concrete prepared from precast industry. They introduced silica fume 
as a replacement of cement by 0%, 5% and 10%. And test is conducted at 28 days 
of curing period in cylindrical specimen with 150 mm dia and 300 mm height. The 
author found decrease in strength with increase in replacement of natural Aggregate 
with recycled Aggregate [8]. 

The effect of silica fume on the fresh and hardened properties of fly ash-based 
self-compacting geo-polymer concrete (SCGC). They kept the water to geo-polymer 
ratio 0.33 by mass. The percentage silica fume that replaced fly ash was taken as 5, 
10 and 15%. They found that, at a replacement value of 10% silica fume, concrete 
provides maximum tensile strength to be 4.40 and 4.67 N/mm2 at 7 and 28 days of 
curing, respectively [10]. 

5.4 Permeability 

Investigate the effect of silica fume replacing cement by 5–20% by weight of cement 
on the permeability of concrete. He took the water cement ratio as 0.4 and 0.5. 
According to his test results, there was a change in permeability after introducing 
silica fume in it as compare to normal concrete. As the percentage of silica fume 
increases, the permeability decreases gradually [11].
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Author considers the water cement ratio as 0.4. He confirmed that water cement 
ratio, silica fume percentage and degree of hydration are the major influencer for 
concrete against permeability. As silica fume percentage increases in concrete, the 
permeability of bulk past decreases [12]. 

They increase the density of silica fume by producing silica fume granules mixed 
with a solid super plasticizer and tested for the permeability in concrete. They choose 
7.5% of silica fume replacement level with cement as an optimum dose and water 
cement ratio as 0.35 and 0.4. They found that adding silica fume to the concrete 
decrease the permeability. At the age of 90 day, they got the value of water penetration 
are 4.3 and 6.1 for normal silica fume concrete and granular silica fume concrete, 
respectively [13]. 

By mixing of silica fume and polypropylene in some definite proportion can 
reduced the permeability of chloride in by 75%. They also identified decrement in 
diffusion of chloride by 98% when silica fume and glass fiber is added in cement 
mortar. It is because; silica fume produces calcium silicates and calcium aluminates 
by some chemical reactions which leads to increase the density of mortar and residue 
the capillary porosity of mortar [14]. 

Author investigated on clay sample with silica fume in different proportion of 
0%, 5%, 10%, 15%, 20%, 25%, 30% and 50%. They tested 5 different samples for 
each proportion. The permeability values were calculated for 48 h. They found an 
improvement on the permeability as compared to normal specimens. They identify 
low permeability in the samples of 25% and more silica fume contents [15]. 

5.5 Sulfate Resistance 

Author investigated on cement containing 10.7% of C3A according to ASTM C 
1012. He uses silica fume as a replacement of cement by 0%, 10% and 20% by 
mass. Super plasticizer was used in 20% silica fume bars. After a one-year period, it 
was observed that there is a less expansion on silica fume mortar compare to normal 
mortar. Also, in 1.7-year, normal mortar crosses the limit of expansion, i.e., 0.10% 
expansion but silica fume mortar never exceeds the limit even after 5 years [16]. 

On concrete with partial replacing cement with silica fume by 5% and 10%. The 
paper concluded that silica fume plays an important role in sulfate resistance in 
concrete. The concrete specimens were examined for a period of 1 year by exposing 
them in 5% sodium sulfate solution. He found no sign of spalling there in whole 
period in the silica fume concrete [17]. 

They confirmed that the replacement of cement with fly ash and silica fume can 
increase the sulfate resistance in mortar. Further, they observed that under a very low 
pH of 2% H2SO4 solution, the replacement of silica fume or fly ash by cement will 
not effective. Test results shows that in exposure to 10% NA2SO4, mortar having 
silica fume percentage of 5% reduced the sulfate attack easily whereas fly ash cement 
mortar provided better results only when the percentage of fly ash was more than 
30% [18].
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6 Future Recommendations 

The use of self-compacting concrete is increasing day by day due to many attractive 
properties in the construction industry. Superior freshness and hardening properties 
are used to produce SCC in the construction industry. Better freshness and hardness 
properties are achieved through the incorporation of minerals and various chemical 
mixtures and additives. Although the review was conducted in accordance with the 
study title and this review work presents a wealth of information, there are still many 
research gaps that could be further explored in this area of research. In order to 
focus the application of SCC in the construction sector, it is recommended to study 
the effect of the application of SF and SP on other mechanical properties such as 
adhesive strength, impact resistance and abrasion resistance. In addition to these 
mechanical properties; it is recommended to investigate time-dependent mechanical 
properties such as creep shrinkage and SCC, with particular attention to the title of 
the research. While the addition of SF and SP is a mineral and chemical additive and 
increases the permeability and usability of SCC, other types of mineral and chemical 
additives are also encouraged to study their effect on fresh and chemical properties. 

7 Conclusion and Summary 

Due to high fineness value and high content of amorphous silicon, it is very reac-
tive pozzolanic material and has a great impact on the improvement of strength of 
concrete. It can be used as a partial replacement of cement for high performance 
concrete. The workability of concrete generally depends on the particle size, specific 
surface area, particle shape and replacement level of silica fume. 

As, smaller the particle size and higher the specific surface of mineral admixture 
increases the water demands of concrete. It is clear that concrete having partial 
replacement of 10% silica fume with cement provides more compressive strength 
compare to normal cement concrete. Also, this study concluded that silica fume can 
improve the flexural strength to a certain level. 

For split tensile strength, there is not a big gap between results of normal and 
silica fume cement concrete. Although, it shows very less but important amount of 
growth in split tensile strength. Due to the small particles of silica fume, it is very 
efficient to reduce the permeability of concrete. And result shows that it reduces 
the permeability significantly compare to normal cement concrete. It is also very 
successful to improve sulfate resistance for concrete. It can save the structure from 
heavy damages. 

As a whole, it can be summarized that silica fume is an ideal replacement of 
cement for a certain value. It will improve the quality of construction and provide 
more durability to the structure. As a byproduct or waste material, it is very necessary 
to reuse it, so that our environment will be pollution free.
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Comparative Study of Internal Curing 
Techniques for Concrete 

Narinder Verma and Sanjeev Naval 

1 Introduction 

The curing of concrete is an important process during the first hours after casting 
to maintain optimal conditions for cement hydration and for assuring the required 
durability and strength of the hardened concrete, thus enabling a high performance of 
the structure with lower maintenance cost during its longer service life. Therefore, to 
maximize the degree of hydration of cement and possibly that of the supplementary 
cementitious materials (SCM) and to reduce early shrinkage cracking (autogenous 
shrinkage, plastic shrinkage, and drying shrinkage), effective curing for extended 
period of time is a must. Common curing techniques consider an external water supply 
to maintain a high internal relative humidity (RH) by water spraying or fogging, 
watering, use of wet coverings, or ponding of the concrete element. 

In these types of concretes with a low water cement ratio (less than 0.42), there 
is insufficient water to allow complete hydration of Portland cement under sealed 
conditions, resulting in rapid water consumption and a rapid decline in the mixture’s 
internal humidity. Unhydrated cementitious components operate as inert filler when 
high degrees of hydration are not achieved, decreasing both the deep percolation of 
the weak structure and the concrete’s potential durability [1]. 

The introduction of additional water from within the impervious concrete matrix 
was presented as a solution to the problem of insufficient hydration. Internal curing 
is a process that operates on the premise of dispersing water reservoirs throughout 
the concrete.
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2 Problems of Cracking 

Concrete cracks result in a shorter service life, higher maintenance costs, and faster 
corrosion, all of which raise the life cycle cost of the structure. When concrete loses 
moisture or the temperature drops, it loses volume. Concrete will shrink if volume 
loss is not controlled, and there will be no impact. In practice, however, the ground, 
columns, and walls, among other constraining components, prohibit the structure 
from decreasing freely. Tensile stresses come into play, when the concrete is kept 
from shrinking, and when these stresses reach a certain level, cracking occurs. 

Sustained stress develops in concrete under restraint displacement, which, as 
the viscoelastic material in concrete ages, relaxes, taking the stresses out of the 
system by sliding C-S-H sheets over one another, introducing creep and micro-
cracking, and resulting in a lower overall state of stress in the system. As a result, 
the amount of stress created is directly proportional to shrinkage, elastic modulus, 
and hydration, while viscoelasticity and aging have an inverse relationship. Reduce 
shrinkage cracking through improving concrete strength, making the system more 
resistant to cracking by using low water–cement ratio concretes, or simply stiffening 
the concrete and lowering its viscoelastic performance. However, taking the aforesaid 
technique to improving strength entails raising elastic modulus, increasing built-in 
stresses and diminishing the viscoelastic effect in the system, all of which pushes 
the age of cracking forward. Thus, stronger concrete leads to stiffer and less relaxing 
concrete pier by worsening the problem of cracking. Also, L Hermite graphical 
representation made it clear that shrinkage is a paste property. So, the key to reducing 
shrinkage is to reduce water–cement ratio because aggregates are volumetrically 
stable. 

Le Chatelier reported that in a cement paste the volume of reactants is greater 
than the volume of products. This difference is called the chemical shrinkage and is 
an indicator of how much reaction occurs in the system. Power’s model of cement 
hydration also concluded that chemical shrinkage is proportional to reacted cement 
and is about 8 to 10% in ordinary cement and is more in cementitious materials [2]. 

Autogenous shrinkage refers to the macroscopic volume reduction that occurs 
during the hydration of cement problem materials after setting. Volume variations 
caused by substance loss or gain, temperature changes, or the application of external 
force are not included internally, aggregates limit it, while externally, neighboring 
structural components limit it, resulting in cracking and even failure. Because the 
system is in a fluid state and collapses on itself when shrinking, this attachment 
shrinkage is equal to chemical shrinkage before setting. Enough hydration products 
have generated at the moment of setting to establish a self-supporting skeletal skeleton 
in the paste matrix. Water-filled capillary holes exist within this solid framework. 
The spaces fill when water is consumed by the hydration process, and capillary 
tensions are formed, resulting in a volumetric change. The matrix’s solidification 
prevents the bulk system from shrinking at the same rate as the chemical system. 
Attachment shrinkage is a volume change that occurs without any moisture transfer 
to the environment or a change in temperature. This shrinkage causes a decrease in
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fluid pressure, which finally cavitates the vapor-filled space in the pore system. These 
spaces develop and penetrate smaller and smaller pores as hydration progresses. The 
relative humidity in the capillary pores decreases as a result of this. Self-desiccation 
is the occurrence of a decrease in relative humidity in hardening cement paste due 
to the consumption of capillary water during the cement hydration process. External 
curing is used to maintain the capillary post-saturated; however, if the water–cement 
ratio is low, water will not permeate from the outside even when curing is applied 
due to the material’s limited permeability. Self-desiccation has a negative impact on 
the performance of high-performance concrete (HPC), especially when the water– 
cement ratio is low. It causes a decrease in hydration rate due to a drop in relative 
humidity to the point where hydration stops when relative humidity falls below 
roughly 75%. Another result is a significant rise in autogenous shrinkage, which 
causes concrete to crack, compromising both mechanical and durability qualities 
[3]. 

3 Internal Curing 

Internal water reservoirs must be introduced to combat autogenous shrinkage and, 
as a result, early age cracking. These reservoirs can alleviate the capillary tension 
induced by self-desiccation, as well as diminish autogenous shrinkage and early age 
cracking. Cold internal curing is the method of delivering water from the inside 
of the concrete to decrease autogenous shrinkage, reduce early age cracking, and 
promote the hydration process. According to ACI committee, internal curing refers 
to the process by which hydration of cement occurs because of the availability of 
additional internal water that is not a part of mixing water [4]. 

4 Internal Curing Agents 

Internal curing agents act is nucleus of water holding sites which relieves them when 
negative pressure develops during low relative humidity. Two most commonly used 
agents are lightweight aggregates and superabsorbent polymers. Behavior of these 
agents is governed by the factors: 

• Ability of absorption of water 
• Ability of desorption of water 
• Distribution of the agents. 

Methods of providing internal water reservoir is to act as internal curing inclusions 
are. 

1. Lightweight aggregates (LWA) 
2. Superabsorbent polymers (SAP).
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5 Choosing Internal Curing Agents 

The porous internal curing agents’ poor mechanical qualities can have a negative 
impact on the concrete’s mechanical properties. As a result, according to the protected 
paste volume concept, it is required to optimize the size and amount of internal 
curing agents. This concept proposes that the internal curing agent particle size can 
be reduced so that all of the cement paste is within a small enough distance from the 
internal curing agent particle surface for the internal curing water to enter. Internal 
curing has been shown to have negative consequences on early age strength. The 
impact of internal curing on material concrete strength, on the other hand, is varied 
and relies on the type of concrete used. Internal curing has a varying effect on material 
concrete strength, depending on the agent type and content, the presence of chemical 
admixtures, and aggregate content. Even when strength was not diminished, there 
was a significant fall in elasticity modulus. Internal curing has only a minor impact 
on creep. To minimize the negative effects of internal curing and maximize their 
good effects, a design approach that optimizes the IC agent concentration, size, kind, 
and so on is necessary. It may not be essential to completely eliminate autogenous 
shrinkage. Only the amount of IC agent required to reduce the danger of cracking 
due to controlled autogenous shrinkage to acceptable levels should be utilized. This 
will be cost-effective and will reduce unwanted side effects such as a negative impact 
on concrete’s rheological, mechanical, and durability properties. 

The term “protected paste volume” comes from a study of the efficiency of air 
entrainment in providing frost resistance. The volume of cement paste shielded 
against frost damage by a system of air voids in the cement paste is known as the 
protected paste volume. It has been demonstrated by numerous researches that for 
normal-strength concrete spacing, factor below 200 µm guarantees frost durability 
[5]. 

Bentz and Snyder extended this notion to internal curing in 1999. It is expected that 
if the cement paste is placed within a sufficiently small distance from the IC agent’s 
surface, the cement paste will be shielded from self-desiccation and autogenous 
shrinkage will be reduced. The size of internal curing agent particles controls the 
spacing factor for IC or the spatial proximity of internal curing water-to-cement 
paste. Water transmission is also stated to be successfully confined to distances of 
the order of 100–200 µm as the capillary pore space in the cement paste depercolates 
during curing. It was also discovered that a well-dispersed system of small saturated 
LWFA particles would be most beneficial to the curing of field concrete, similar to 
the case of air voids protecting concrete from freezing and thawing damage, which is 
in agreement with the protected paste volume concept for air voids, which suggested 
that a finally dispersed system of small air voids would be superior to onsite curing. 

The influence of LWA size on IC efficiency was investigated by Lura et al., who 
discovered that fine LWA performed better. The grain size of the LWA utilized as a 
curing agent was lowered in this study in order to lessen the paste–aggregate closeness 
or the distance to which the IC water should diffuse. The reduction in grain size to 
4–2 mm was shown to be advantageous, but any further reduction resulted in a drop
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in curing efficiency. It was also discovered that LWA with the lowest absorption and 
the smallest spacing resulted in the greatest autogenous shrinkage. 

As a result, other elements must be addressed in addition to the spacing notion, 
which may overcome the spacing factor’s influence. Internal curing water is one such 
element. The gradient of capillary pressure between the water in the LWA and the 
water in the surrounding paste matrix dominates the migration of the internal curing 
water in the case of LWA. Smaller LWA particles have lower absorption, implying 
a tiny pore structure off the IC reservoir, and as a result, the driving power for water 
to permeate from the IC reservoir into the surrounding paste matrix is reduced. As a 
result, when the particle size of LWA is reduced, two competing mechanisms occur. 
First, the spacing factors should be reduced, which should improve efficiency, and 
second, the pore structure of LWA should be refined, which should also improve 
efficiency [5]. 

In the case of SAP as an IC agent, the tendency was toward larger SAP particles, 
which caused more initial swelling and less autogenous shrinking afterward. Water is 
held in SAP by Vander Waal forces rather than capillary pressure as it is in LWA. The 
water will quickly evaporate from the particle at first, but the rate of evaporation will 
slow as water must diffuse through more side chains, which interact with the water 
molecules due to their ionic composition. Furthermore, larger SAP particles have a 
better water absorption capacity. As a result, water will release more readily from 
larger SAP particles than from smaller ones, resulting in two competing processes 
when the SAP size is reduced: higher IC efficiency due to smaller spacing and lower 
efficiency due to a tendency for tighter water hold. Because the larger SAP particles 
have a higher efficiency, it appears that the SAP particle structure, rather than the 
spacing factor, is the most important element [4]. 

After modeling frost resistance, the protected paste volume concept was devel-
oped, and the value of the required spacing factor of 200 m was calculated from 
there. However, a survey of the literature reveals that the order of magnitude of the 
spacing factor required for internal curing is several millimeters [5]. 

By assuming that the percentage of protected paste volume is about equal to 
the percentage of autogenous shrinkage decrease, indirect measurements can help 
estimate this spacing parameter (Figs. 1 and 2).

Size fractions of pumice lightweight aggregate containing 20 kg of pre-saturated 
internal curing water per cubic meter of concrete: 

2.36–4.75 mm (Pumice2), 
1.18–2.36 mm (Pumice1), and 0.6–1.18 mm (Pumice0). 
WSAREF-reference mix without Pumice. 
The autogenous shrinkage calculation is based on determining the shrinkage after 

the initial peak of expansion, which often happens in IC systems within the first day 
and close to the final setting time. This section of the length change curve represents 
a realistic estimate of the processes caused by self-desiccation, which begins shortly 
after the cementitious matrix is set. Although the length change in the paste around 
the IC agent may not be uniform, the value of the autogenous shrinkage recorded 
may provide a weighted average approximation. On this basis, derived curves of the 
proximity of the paste matrix, i.e., the proportion located within a particular distance
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Fig. 1 Effect of grain size on free shrinkage of mixes with w/c ratio 0.33 containing amount of 
pumice required to counteract self-desiccation 

Fig. 2 Assessment of distance of water migration for mixes containing different pumice fractions 
with w/c ratio of 0.33

from the IC reservoir, can be used to calculate the distance of water migration. 
The estimated distance offers a range where there is no shrinkage and beyond that 
the autogenous shrinkage is uniform. This is an implied assumption in this way of 
calculation. As a result, the calculated value can be regarded as an approximation 
of the “effective value.“ The range of values produced by recent direct measuring 
techniques of water migration from the IC agent is pretty similar to this estimate 
of the effective value. Based on the values of the relative autogenous shrinkage 
decrease, an estimate of the effective distance of water migration is given (which is 
assumed to be equal to the percent of protected paste volume, i.e., the paste lying 
within sufficiently small distance from the IC reservoir to allow it to be fully migrated
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by water). The graphs below show the relationship between the spacing factor and 
shrinkage reduction and water absorption (Figs. 3 and 4). 

While the correlation between the two figures reveals that as the LWA’s water 
absorption capacity rises, so does the spacing factor and as the spacing factor 
increases, so does the shrinkage decreases [5]. 

Water traveled a distance of 2–4 mm, according to direct measurements such as X-
ray absorption, neutron and X-ray tomography, and neutron radiography. The direct 
ink penetration test can also estimate water transport distances of up to a millimeter. 
As a result of the protected paste volume idea, it is concluded that the larger the void, 
the larger the spacing factor, and that the spacing factor has a limit, which is 200 µm 
for frost resistance and around 1 mm for internal curing.

Fig. 3 Correlation of spacing factor and shrinkage reduction 

Fig. 4 Correlation of spacing factor and water absorption of LWA 
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SAPs are cross-linked hydrophilic networks that can swell when exposed to water, 
with osmotic pressure acting as the main driving factor. As a result, SAPs take 
moisture from their surroundings and keep it without dissolving it. As a result, SAP 
improves the number of internal water sources available for internal curing and 
shrinkage reduction. The presence of SAP in concrete can have an impact on both 
its fresh and hardened properties. The use of 0.6 percent SAP by mass of cement in 
concrete with a high w/c (>0.45) resulted in no influence on degree of hydration but 
a reduction in compressive strength due to an increased volume of voids. However, 
in the case of low w/c (0.45) mixtures, even a minor amount of SAP addition (0.4% 
by mass of cement) resulted in a drop in compressive strength. In addition, compared 
to a combination with 0.3% SAP, the addition of 0.6 percent SAP by mass of cement 
in concrete can enhance total porosity by approximately 2% by total volume. When 
compared to mixes with dry SAP powder, adding pre-soaked SAP to high-strength 
concrete enhances its early age dimensional stability and results in reduced strength 
reduction [4]. 

The addition of SAP may result in a greater number of bigger pores and a decrease 
in the number of smaller holes that are thought to be filled by hydration products. The 
SAP functions as an entrainment agent for the air. These encased air spaces might 
have a negative impact on the concrete’s strength and modulus of elasticity. 

The use of SAP differs from that of LWA in a few ways. Because it absorbs water 
during the mixing process, SAP can be used as a dry concrete additive. The use 
of SAP provides for complete control over the pore form and size distributions of 
the hardening concrete; nevertheless, the pores introduced by SAP should be in the 
50–300 m range. Changes in setting and rheology, agglomeration of SAP particles, 
and crushing of SAP particles during mixing by aggregate particles are all potential 
issues with SAP addition. As a result, the SAP that will be used must be carefully 
selected. 

Akcay and Tasdemir [6] investigated the effects of spatial distribution of 
lightweight aggregates (LWAs) on internal curing of concrete. As replacements for 
normal aggregates, different sizes and amounts of natural pumice LWAs were used 
as water reservoirs to provide internal curing in mitigating autogenous deformation. 
Water in the pre-soaked LWAs flows into cement paste during hydration and provides 
internal curing to counteract the RH loss due to self-desiccation of binding paste. 
The results show that variations in the autogenous strain of concrete can be evaluated 
in terms of LWA–LWA proximity. The protected paste volume approach, previously 
used for air-entrained concrete, is applied to calculate the internally cured volume of 
paste. The results show that the experimental rate of mitigation of autogenous strain 
for different series of concrete specimens, with respect to the reference concrete, 
gave the best-fitted values at water flow distance of 1 mm. The results indicate that 
the protected paste volume in internal curing can be determined by calculating the 
water-entrained volume using image analysis [6]. 

Wei et al.  [7] investigated the microstructure and the desorption properties of 
sintered fly ash and expanded shale LWFAs. The influences of these two types of 
LWFAs on autogenous shrinkage and internal RH development were experimentally 
evaluated in concrete with w/c of 0.3 and 0.4. The internal curing efficiency, defined
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as the relative volume ratio of LWFAs in paste matrix as compared to that used for 
completely mitigating autogenous shrinkage, is a function of particle size and spacing 
of LWFAs. The results show that 100% internal curing efficiency (no autogenous 
shrinkage at the age of 28 days) can be achieved if the ratio of the LWFA particle/paste 
proximity and the particle size (2L/R) approaches (1.1) [7]. 

Mousa et al. [8] carried out a study to compare among concretes without or 
with silica fume (SF) along with chemical type of shrinkage reducing admixture, 
polyethylene-glycol (Ch), and pre-soaked lightweight aggregate (leca) as self-curing 
agents for water retention even at elevated temperature (50 °C) and their durability. 

Silica fume concrete either without or with Ch gave the best results under all 
curing regimes: significant water retention and good durability properties [8]. 

Mousa et al. [9] during his investigation used pre-soaked lightweight aggregate 
(Leca) and polyethylene-glycol (Ch.); self-curing agents concluded that the use 
of self-curing agent (Ch.) in concrete effectively improves the physical properties 
compared with conventional concrete. On the other hand, up to 15% saturated, leca 
was effective while 20% saturated leca was effective for permeability and mass loss 
but adversely affects the sorptivity and volumetric water absorption. Self-curing agent 
Ch. was more effective than self-curing agent leca. In all cases, both 2% Ch. and 15% 
leca were the optimum values. Higher cement content and/or lower water–cement 
ratio leads to more effective results of self-curing agents in concrete. Incorporation 
of silica fume into concrete mixtures enhances all physical properties [9]. 

Shen et al. [8] conducted a study to determine the effect of internal curing with 
SAPs on the IRH of early age concrete under sealed and unsealed conditions. Test 
results showed that (1) the IRH of concrete that was internally cured with SAPs 
increased with an increase in the content of internal curing water 28 days after 
casting under sealed and unsealed conditions. (2) The degree of decrease in the IRH 
of internally cured concrete was lower under sealed conditions than under unsealed 
conditions 28 days after casting. (3) The critical time of the IRH of internally cured 
concrete increased with increases in the content of internal curing water under both 
sealed and unsealed conditions. (4) The decrease rate of the IRH in early age concrete 
that was internally cured with SAPs dropped with an increase in the content of internal 
curing water under sealed and unsealed conditions [8]. 

Liu et al. [10] investigated the water-absorbing mechanism of internal curing on 
SAP and LWA. The impact of these two types of internal curing materials on the 
shrinkage of high-performance cement-based materials is investigated. The use of 
internal curing materials delays the reduction in internal RH and minimizes auto-
genous shrinkage while increasing chemical shrinkage. The addition of additional 
water to internal curing ingredients enhances drying shrinkage [10]. 

Al Saffar et al. [11] This paper examines research findings on the development of 
an internal curing method for high-performance concrete (HPC). Common ingredi-
ents were utilized to provide the internal curing necessary to prevent self-desiccation 
in cement paste, which will lessen the likelihood of cracking in hardened concrete. 
Furthermore, this research focuses on HPC behavior, such as density, strength (com 
pressive, splitting tensile, and flexural), shrinkage (autogenous and drying), and the
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microstructure of hydrated cement paste. Internal curing is more successful in split-
ting tensile and flexural strength than compressive strength at a late stage, according 
to the findings. Internal curing has made the interfacial transition zone more compact 
and denser, boosting strength [11]. 

Li et al. [9] explored the potential for internal curing of saturated recycled fine 
aggregate (RFA) in mortar. Water release from saturated RFAs at various relative 
humidity (RH) values was investigated using desorption isotherms. Capillary pres-
sure measurements and autogenous shrinkage tests for mortar (w/c = 0.30) with RFA 
at an early age were used to evaluate water release. The influences of the RFA particle 
size, water absorption capacity, and dosage were analyzed. Desorption isotherms of 
the RFAs showed that only 16–36% of the water they absorbed in 24 h was released 
at RH > 93%. Retardation of self-desiccation and reduction of early autogenous 
shrinkage of mortar were observed with saturated RFAs. RFAs with finer particle 
sizes and higher water absorption capacities gave greater reductions in autogenous 
shrinkages at the first three days, which could be attributed to the RFA pore structure. 
Internal curing with the RFA was observed clearly in a mixture with a high aggregate 
content [9]. 

Yang et al. [12] gave an overview of factors affecting the effectiveness of internal 
curing in cement-based materials from three aspects: the amount of internal curing 
water, characteristics of internal curing materials, and migration distance of internal 
curing water. It was found that (i) the equation developed to calculate the requirement 
of internal curing water for concretes with different water-to-cement ratios (w/c) 
based on Power’s model that includes silica fume and to get a maximum degree of 
hydration by prewetted lightweight (LWA) could not completely reduce autogenous 
shrinkage, the water release characteristics of internal curing materials (e.g., the time 
to release and the distance to migrate) under uniformly distributed conditions may 
over-ride the influence of the spacing factor, and (iii) unexpected effects resulting 
from internal curing on the properties of concrete may occur if the characteristics of 
internal curing materials do not match the pore structure of concrete mixture [12]. 

Paul et al. [13] identified the moisture transport mechanisms within an LWA that 
governs IC performance. Results on LWA of different internal structures (natural, 
manufactured), and different size distributions (fine, coarse), pre-soaked with either 
pure water or water containing shrinkage reducing admixtures (SRA), indicate that 
there are different mechanisms involved in water uptake and release: one controlled 
by capillary action and one controlled by air diffusion into the pore water. It is 
concluded that it is the internal structure, geometry, and particle size distribution of 
the LWA that determine the effect of SRA and the overall LWA impact on the IC 
performance. By using 3D micro-CT images, LWAs are studied in order to determine 
which characteristics (pore size, pore connectivity, pore distribution) are better suited 
for improving IC. This contribution to understanding water transport in LWAs may 
help to engineer the characteristics of LWA optimized for IC applications [13].
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Studies have been conducted to investigate the potential of using crushed clay 
brick as an alternate aggregate. The main advantages of using crushed brick aggre-
gates as alternative aggregates are reducing concrete density, reducing natural aggre-
gate consumption, and being considered environmentally friendly approach. The 
properties that force to investigate its usage as internal curing agent are: 

1. Over burnt bricks have a higher strength than the conventional bricks and al-so 
greater than other LWAs tested. 

2. Over burnt bricks have more water absorption capacity than the conventional 
sand. 

3. Cost-effective. 
4. Ease of availability. 

6 Conclusion 

Based on the research work mentioned above, the following conclusions can be 
drawn: 

• The addition of LWA reduces the autogenous deformation. The efficiency of 
the partial replacement of fine aggregates by different contents of LWA is very 
dependent of the size, the amount, the saturation degree, and the porosity of 
the LWA particles. The addition of fully saturated LWA substantially reduces 
autogenous deformation and hence mitigates the risk of early age cracking. 

• SAP can be used as a means for introducing internal water reservoirs to eliminate 
autogenous shrinkage, but the SAP that will be used must be carefully chosen. 
The reduction of the autogenous deformation using SAP was much less than the 
reduction from the LWA. 

• Increasing the amount of LWA or SAP can lead to a reduction of compressive 
strength (especially with higher amounts). 

• The early age expansion occurred prior to the first day for the internally cured 
concrete, and the maximum expansion increased with the increase of internal 
curing water; 

• The autogenous shrinkage and its rate of internally cured concrete decreased with 
the increase of the amount of internal curing water. 
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Recycling of Used Foundry Sand and Fly 
Ash in Concrete as a Partial Replacement 
for Conventional Ingredients 

Ranjeet Sabale , Usharani Karande, Atul Kolhe, Amruta Kulkarni, 
and Anand Tapase 

1 Introduction 

The global population is increasing with tremendous rate, and according to United 
Nations department of home affairs, it will be 9.5 billion in 2050 [1]. So, to fulfill 
the infrastructure demand for such hasty population, reinforced cement concrete 
(RCC) has gained very importance due to its numerous advantages. Natural fine 
aggregate (NFA), commonly known as sand, is an important component of concrete; 
however, fine aggregate is in short supply at the moment due to its excessive use; also, 
local authorities have outlawed the extraction of fine aggregate from water bodies to 
protect the ecosystem. As a result, it is critical to consider a new supply or substitute 
material for natural fine aggregate. By keeping this objective, the current study was 
designed to replace a specific percentage of natural fine aggregate with foundry sand. 
The usage of industrial waste materials generated by various industrial activities has 
grown in importance, and there is a growing research interest in controlling those 
waste materials for economic, environmental, and technological reasons. Therefore,
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Fig. 1 Castings production in India in Million Tones (M.T.) 

in present study, the emphases were given on recycling of used foundry sand and fly 
ash in production of concrete. 

In India, most industrial operations produce large amounts of by-product materials 
like used foundry sand, fly ash, demolition waste, and plastic waste. The disposal 
of such by-product waste materials from numerous sectors has become a serious 
concern for institutions and researchers in the current context. 

Figure 1 depicts the status of foundry industry in India; from this, it is observed 
that only India produces about 12 Million Tones (M.T) of metal casting in (2019– 
2020) [2]. So, it reveals that throughout the world approximately 100 M.T. of foundry 
sand has been used for industrial processes. Also, American foundry sector produces 
around 9.4 M.T. of UFS in year [3]. The continuous attempt has been made to utilize 
industry and demolition waste materials in the production of concrete. Such efforts 
may lead to reduction in total construction costs as well as it is a solution to waste 
disposal issues. Such a sustainable approach is helpful to alleviate the scarcity of 
natural sand and to conserve the ecosystem. 

Researchers and industry personnel are working on finding acceptable substitute 
materials for natural fine aggregates on a constant basis. A few case studies showed 
that, used aggregate is best alternate material to natural aggregate [4]. Khatib et al. [5] 
carried an experimental study; authors have replaced the natural fine aggregate with 
waste foundry sand (WFS). The replacement proportion was used from (0–100%) 
the outcomes of study revealed that, the compressive strength and slump of modified 
concrete have declining trend when the conventional materials have replaced with 
UFS more than 40%. The disposal of fly ash (FA) produced by coal-fired power plants 
and sugar industries is one of the most serious environmental challenge. If the amount 
of FA increases and the capacity of landfill area decreases, the problems become more 
difficult to solve. As a result, to intervene this waste disposal scenario, research has 
been conducted to see if high-volume fly ash (HVFA) may be used as a cement 
substitute in construction materials. Rashad [6] carried a review work; author has
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presented the previous work regarding the partial replacement of fly ash in concrete. 
Few researchers have carried out work to establish the effects of used foundry sand 
(UFS) and fly ash (FA) in partial of full-scale replacement to concrete ingredient 
[7–9]. The research was carried out to create precast concrete using foundry sand 
and fly ash [7]. The demolition waste can be used as partial replacement or alter-
nate to natural fine aggregate [10]; authors have replaced the natural fine aggregate 
with recycled fine aggregates in the proportions 10–40%. The result of work shows 
that, up to 30% replacement, the strength of concrete has increased, but above this 
proportion strength follows decline trend. The sustainable initiative was taken by 
Neslihan [11]; the author has used waste foundry sand in production of building 
material. The geopolymer material was produced using waste foundry sand, and 
the study concluded that, geopolymer material is suitable for building construction. 
The experimental work was undertaken to develop flowable slurry mixtures utilizing 
foundry sand; the results of work show that, the 28-day strength varying between 40 
and 90 psi [12]. Siddique and Khatib [13] carried an experimental study to check 
feasibility of fly ash in concrete. The authors have replaced the natural fine aggre-
gates with class F fly ash in proportions 35%, 45%, and 55%. The findings of study 
show that, the values of abrasion resistance of concrete were raised when fly ash 
was replaced with sand at all ages. Yao et al. [14] conducted a review study on the 
experimentation work regarding the recycling and partial replacement of conven-
tional material with waste material. Some studies were carried out to produce the 
pervious concrete; the authors have used fly ash for partial replacement (10–20%) 
of cement. The study concludes that, with reduction in total voids, the abrasion also 
reduced [15]. 

The substantial substitution of cement with fly ash aids to environmental conser-
vation. As production of one ton of Portland cement requires approximately 2.5 tons 
of raw materials and such attempts will produce approximately one ton of green-
house gases [16]. Venkatakrishnaiah and Sakthivel [16] conducted a study in which 
the authors employed fly ash as a partial substitute material for cement, resulting in 
a sustainable approach to reducing greenhouse gas emissions. To have a successful 
alternate material to cement or natural fine aggregate, only, strength tests are not 
sufficient; in addition to that, tests on carbonation and alkalinity are more important. 
Medeiros et al. [17] conducted an experimental work; the study was planned for 
partial replacement of cement (10–30%) with fly ash. The authors have conducted 
XRD tests; after experimentation, it was concluded that, by adding/replacing of fly 
ash in cement mass, rate of carbonation increases, while alkaline reserves lowers 
down. 

The current study aims to recycle industry waste, such as used foundry sand and 
fly ash, by adding it into concrete as a partial replacement for natural fine sand and 
cement mass. This attempt may help to alleviate the natural sand scarcity issue, to 
conserve the ecosystem, to solve the issue of waste disposal and greenhouse emissions 
and produces sustainable concrete mix with optimum cost.
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Table 1 Physical properties 
of OPC and PPC 

Details of Properties OPC PPC Standards limits 

Specific gravity 2.98 2.80 − 
Fineness (%) 1.40 1.72 ≤10% 

Standard consistency (%) 27 30 − 
Initial setting time (min) 90 50 ≥30 min 

Final setting time (min) 350 175 ≤600 min 

2 Test Program 

2.1 Material Used 

The following materials were employed in the present study: ordinary Portland 
cement (OPC), Portland Pozzolana cement (PPC), natural coarse aggregates (NCA), 
natural fine aggregates (NFA), i.e., river sand, used foundry sand (UFS), fly ash (FA), 
and water. The detailed qualities of various materials are explained as follows, 

2.1.1 Cement 

Ordinary Portland cement (OPC) of grade 43 and Portland Pozzolana cement (PPC) 
were employed in this study. The OPC was tested according to the IS: (8112–1989) 
guidelines [18]. Moreover, PPC that met the requirements of IS: 1489–1991 (Part 1) 
[19] was used to test the scenarios. Table 1 lists the results of the extensive physical 
and mechanical testing performed on cement. 

2.1.2 Aggregates 

The locally available crushed coarse aggregate with a maximum aggregate size of 
20 mm was used in this study. Table 2 shows the results of various experiments 
performed to identify the properties of NCA according to conventional standards 
[20]. The grain size distribution of the natural coarse aggregates employed in this 
study is shown in Fig. 2. The Pavana River’s fine sand passing through 4.75 mm sieve 
and retained on 150 µ sieve was used for concrete production. The sand sample falls 
under grading zone II (IS: 383-1970) [21]. The physical properties of fine sand used 
in this study are given in Table 3.

2.1.3 Used Foundry Sand and Fly Ash 

Foundry sand used in this work was obtained from Shanti foundry, Chinchwad, Pune, 
Maharashtra. The methodology adopted in this work, the used foundry sand was
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Table 2 Properties of coarse aggregates (CA) 

Test carried for Observed values 

Fineness modulus 6.86 

Specific gravity 2.85 

Water absorption (%) 0.65 

Bulk density (Kg/m3) 1622 

Aggregate impact value (%) 20.8 

Aggregate crushing value (%) 24.85 

Fig. 2 Grain size distribution of aggregates 

Table 3 Physical properties 
of natural fine aggregate 
(NFA) and UFS 

Details of Properties Experimental values 

NFA UFS 

Fineness modulus 2.65 2.56 

Specific gravity 2.64 2.55 

Grading zone II II 

Water absorption (%) 1.0 0.45

used as partial replacement to NFA in the proportions 15%, 25%, and 35%. Table 3 
explicates the physical properties of UFS. The coal-fired fly ash was used in this work 
to partially replace the cement. The cement was replaced in the proportions 15%, 
25%, and 35% with fly ash. The detailed properties of fly ash are given in Table 4.
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Table 4 Chemical properties 
of fly ash (FA) 

Items Observed values 

Al2O3 (%) 23.1 

SiO2 (%) 50.5 

Loss on ignition 2.51 

CaO (%) 10.72 

MgO (%) 2.88 

Specific gravity 2.45 

Initial setting time (min) 45 

Final setting time (min) 250 

Standard consistency (%) 34 

2.1.4 Water 

In the current work, for preparing concrete, regular tap water was used. The pH of 
the water used in this experiment is 7.32. 

The guidelines provided in IS: 456-2000 [22] were referred while selecting water 
sample. The guidelines suggest that, possibly, pH value should be in the range 
(6.5–8.5). 

2.2 Concrete Mix Design 

In this work, M20 concrete has been used for analysis. The water–cement (w/c) ratio 
of 0.54 was employed in the mix design. Moreover, the proportions of the constituent 
ingredients for different concrete mixes were estimated using the guidelines provided 
in IS: 10262-2009 [23]. The NFA and cement were partially replaced with used 
foundry sand (UFS) and fly ash (FA) in the proportions as cited earlier. The mixes with 
(100%) NFA and cement were considered as reference/control mixes. The graphs 
depict the comparison with mixes having 100% conventional ingredient versus mixes 
with partial replacement. 

2.3 Testing of Concrete 

The modified concrete composed with partial replacement of conventional concrete 
ingredients with recycled materials like fly ash and UFS was tested to estimate 
its compressive strength, splitting tensile strength, and flexural strength. For the 
compressive strength test, the cubes were used of size (150 × 150 × 150) mm; for 
splitting tension test, the cylinders with the diameter (150 mm) and height (300 mm) 
were used. Moreover, to determine the flexural strength of concrete, the beams having
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dimensions (100× 100× 500) mm were cast. In the laboratory premises, the concrete 
specimens after demolding were kept in normal water at room temperature for curing 
purposes. According to guidelines [24, 25], the concrete specimens were tested after 
7 and 28 days of moist curing. 

3 Results and Discussion 

3.1 Compressive Strength 

The compressive strength of formulated concrete mixes depicts the feasibility and the 
maximum limit up to which concrete ingredients should be replaced with recycled 
material (Figuwerrw 5). In this experimental work, the concrete specimens were 
tested after 7 days and 28 days to estimate the compressive strength (Figs. 3 and 
4). From the results, it is observed that, the compressive strength, in the case of 
replacement of NFA with UFS, up to 25% increases, but above 25% it declines. 
Also, for replacement of cement with fly ash, the results show increasing trend up to 
25% (Figs. 5 and 6). 

The concrete mixes consisting 25% replacement showed the higher compressive 
strength than control mixes. Moreover, after 28 days of curing, the samples give the 
increased strength by 8, 17.72, and 4.10% when replacement proportion of NFA by 
UFS was 15%, 25%, & 35%, respectively. Overall, the strength statistics depicts the 
increasing trend after 28 days.

Fig. 3 Compressive strength of concrete mixes after 7 days of curing
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Fig. 4 Compressive strength (28 days) 

Fig. 5 Testing of concrete specimens in laboratory

3.2 Flexural Strength 

The flexural strength indicates the stress in material before it yields. The flexural 
strength variation of various concrete mixtures after 7 and 28 days is shown by 
Figs. 7 and 8, respectively. It also grew until the FS content in mixes reached 25%, 
after which it began to decline. Mixes consisting replacement of NFA with UFS up 
to 25% showed the higher strength than control mixes.
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Fig. 6 Compressive strength (UFS + FA)

Fig. 7 Flexural strength (7 days)

After 28 days, the specimens showed, for OPC mixes while replacement propor-
tion 15%, 25%, and 35%, the flexural strength was more than control mix by 5.67%, 
10.72% and lower by 2%. Moreover, for PPC mixes, the flexural strength was 8.17%, 
13.47%, and 6.25% more as compared to control mixes.
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Fig. 8 Flexural strength (28 days)

3.3 Slump 

In the current investigation, it was discovered that as the percentage of conventional 
concrete material replaced with recycled material is increased, the slump of the 
concrete decreases (Fig. 9). 

Fig. 9 Slump of concrete mixes
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3.4 Splitting Tensile Strength 

From experimentation, it was observed that, the splitting tensile strength of concrete 
using UFS was increased up to 25% replacement; however, the mixes showed lower 
strength than control mixes above this proportions (Fig. 10). In present investigation, 
after 28 days, while replacement of NFA with UFS by 15% and 25%, the split-
ting tensile strength for concrete mixes showed 8.34% and 12% increased values, 
respectively, while for 35% replacement, the concrete shows lower strength by 10% 
(Fig. 11). 

Fig. 10 Splitting tensile strength (7 days) 

Fig. 11 Splitting tensile strength of concrete mixes after 28 days of curing
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4 Conclusions 

This study shows and investigates the use of foundry sand as a partial alternative for 
NFA, i.e., sand, in concrete mixtures. From this study, the following conclusions can 
be drawn. 

• For both OPC and PPC-based concrete mixes, workability declines as the level 
of UFS in the concrete mix rises. 

• It was observed that up to 25% substitution of NFA by UFS and 25% substitution 
of cement by fly ash, there was an increasing trend in strength of different mixes 
for both OPC- and PPC-based concrete mixes, but after this proportion, there was 
a declining tendency for strength was observed. 

• Economical and efficient replacement proportion of recycled material was 
observed up to 25% without hampering the design guidelines. 

Overall, foundry sand can be substituted for natural fine aggregates in the creation 
of high-quality concrete mixes without sacrificing strength. This effort may result in 
the preservation of natural resources such as fine aggregate, as well as trash reduction 
and ecosystem protection. 
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A Review on Influence of Replacing 
Industrial Wastes with Fine Aggregate 
in Concrete 

S. Varadharajan , S. V. Kirthanashri , Mohammad Samim , 
Bishnu Kant Shukla , and Gaurav Bharti 

1 Introduction 

Concrete utilization has risen dramatically in the last decade due to rapid urbaniza-
tion and industrialization worldwide, with annual production reaching 12 billion tons 
[1]. The enormous manufacturing of concrete has boosted the production of concrete 
ingredients like cement, sand, and coarse aggregate. Globally, about 27 billion tons 
of trash will be produced by 2025 [2]. So, this waste may be used to substitute fine 
and coarse aggregate in concrete. In India, about 8.5 tons of municipal solid waste 
is produced yearly [3]. This review article is focused towards the use of industrial 
wastes in manufacture of concrete. Industrial waste from marble and granite grinding, 
waste glass, jarosite, and imperial smelting furnace (ISF) slag may be used as a partial 
replacement of fine aggregate in concrete [4]. All major developing nations produce 
huge amounts of marble dust which is difficult to eliminate. India, for example, gener-
ates massive quantity of marble waste powder slurry each year. Similarly, 90,000 
tons of granite are mined and processed annually, with about 65% of the granite is 
discarded [5]. ISF slag is an amorphous waste product of hydrometallurgical zinc 
and lead extraction from sulfide ore. Rajasthan, India, produces enormous quantity 
of ISF slag every year which is difficult to dispose due to environmental hazards [6]. 
Walez slag is a waste product produced during zinc recovery in an electrical furnace. 
Walez slag disposal is difficult and environmentally hazardous. Globally, huge quan-
tity of Walez slag is produced annually [7]. The presence of metals such as lead,
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chromium, and zinc in industrial waste products makes disposal difficult and storage 
problematic. Every year, India produces about 10 million metric tons of foundry sand 
[8]. Foundry sand is widely utilized in steel production and is often recycled. Energy 
processing of waste foundry sand involves hazardous chemicals like phenols, which 
must be properly disposed [8]. Glass is another massively generated waste in in all 
developed and developing nations [9]. Glass contains silica and may be used as a fine 
aggregate in concrete [9]. This should help with waste glass storage and disposal. 
The recycling of glass requires highly specialized labor and equipment. Figure 1 
shows the production of industrial waste concrete and Fig. 2 shows the dispersion of 
ISF slag generation in India which shows that Rajasthan is the state which results in 
generation in of ISF in massive scale in comparison to other states. 

Fig. 1 Manufacturing process of concrete with industrial wastes 

RAJASTHAN 

OTHER STATES 

Fig. 2 Distribution of imperial smelting furnace slag generation in India
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This research study aims in exploring the research works pertaining to the utiliza-
tion of different alternatives for substitution of fine aggregate. The different types 
of substitutions available has been critically examined and its impact on parameters 
like cost effectiveness, environmental benefits, etc., has been explored in detail. 

2 Properties of Industrial Wastes 

According to previous research studies, the grain size distribution of industrial waste 
has been given in this study. The outcome of this gradation analysis indicates that the 
grain size of industrial wastes are consistent with the particle size distribution of fine 
aggregate. Researchers Vijaylakshmi et al. [10] & Singh and Siddique [8] found that 
industrial wastes have a smaller particle size than fine aggregate and may be utilized 
successfully in concrete without significantly degrading the strength and durability 
properties. More recently, Mehra et al. [11] revealed that Jarosite may be utilized 
successfully as a fine aggregate replacement in concrete without having a significant 
impact on the strength characteristics of the concrete. Using waste foundry sand 
with very small particle size, Singh and Siddique [8] were able to achieve enormous 
strength enhancement in concrete. A study by Ashish [12] who used marble waste 
powder in concrete, while other studies [13–15] showed the positive benefits of 
utilizing marble waste powder owing to the micro filling capability of marble waste 
powder. In addition, Ghannam et al. [5] have shown that granite waste may be used 
to substitute fine aggregate in concrete. Basar and Aksoy [16] used waste foundry 
sand as a replacement for fine aggregate in concrete and conducted a study to see 
how mechanical characteristics changed when waste foundry sand was substituted 
for fine aggregate. Using high percentage of ISF slag, Morrison et al. [4] replaced 
fine aggregate in concrete with ISF slag. As noted by the author, the ISF slag included 
concrete exhibits strength characteristics that are comparable to those of conventional 
concrete when the replacement level is 30% of the original level. But when fine 
aggregate is replaced with ISF slag in large proportions, only a little decrease in the 
strength characteristics was observed. Walez slag was utilized in concrete as a fine 
aggregate substitute. When Walez slag was used, the authors found that it was helpful 
[7]. Glass powder has been utilized as a fine aggregate replacement in concrete by 
Kim et al. [9], Chen et al. [17], observed advantageous characteristics of the concrete 
when compared to the conventional concrete. Basar and Aksoy [16], have used waste 
foundry sand in concrete and observed superior characteristics when compared to 
the ordinary concrete. According to Fig 3, shows various industrial wastes used in 
concrete. Morrisson’s ISF slag composition is shown in Fig. 4 (2005).
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Glass 
Walez Slag 
Metal Slag 
ISF Slag 

Fig. 3 Research works using different industrial wastes 

As 
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SiO2 
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Fig. 4 Composition of ISF slag adopted by Morrisson (2005) 

3 Conclusions 

The primary goal of this research work was to investigate the characteristics of several 
types of concrete made from industrial waste, such as marble waste powder, quartz 
waste powder, jarosite, waste foundry sand, Walez Slag, and other similar mate-
rials, in order to develop a better understanding of their properties. If fine aggregate 
and cement were substituted with industrial wastes, the researchers observed that 
properties like as compressive strength, split tensile strength and flexural strength
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were significantly improved at low to medium percentages of replacement. When 
the percentage of replacement is high, however, the mechanical properties of the 
concrete reduces as a consequence of the reduction in mechanical properties [1–20]. 
Environmental benefits of using industrial products in concrete include a reduction in 
carbon dioxide gas emissions, particulate emissions, a reduction in land degradation, 
and an overall improvement in the quality of ecosystems and human life as a result 
of their usage. 
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Utilization of Fly Ash in Concrete: 
A State-of-the-Art Review 

S. Varadharajan , S. V. Kirthanashri , Neha Maurya , 
Prasad Bishetti , Bishnu Kant Shukla , and Gaurav Bharti 

1 Introduction 

The basic impact of cement on concrete creep is the binding strength. When loaded at 
an early age, concrete exhibits poor resistance to creep. The concrete creep reduces 
with the increasing strength [1]. The greater initial concrete strength, reduces the 
creep comprehensively. The aggregate’s impermeability and high elastic modulus 
also prevents creep. Concrete with sandstone aggregate has around 250% more creep 
than lime stone aggregate, which has the greatest elastic modulus in all circum-
stances. Because cement paste is the main component of concrete that controls creep 
and the water–cement ratio used is the most important factor affecting creep [1– 
6]. The greater gap between cement particles and aggregates increases creep. The 
surrounding temperature and humidity also have a significant impact on creep in 
addition to Concrete’s viscosity and elastic modulus which decrease with increasing 
temperature. Creep is disregarded when the volume surface area ratio is higher than 
0.9 [6]. Creep is inversely related to surface area and previous research studies have 
shown that the volumetric surface area ratio of components affects concrete creep 
significantly [7]. Admixtures are extremely efficient in reducing creep and they are 
often used to improve workability, frost resistance, cement usage reduction, and 
placement time to meet realistic project needs. Flyash (FA) is being increasingly
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Fig. 1 Production and utilization of fly ash across the globe [as reported in 25]

used to replace cement as shown in Figs. 1 and 2. Fly ash significantly increases 
concrete slip. Although concrete with fly ash has lower early strength than concrete 
without fly ash, its late strength is higher. As a result, early age loading is preferable 
for reducing concrete creep. The early creep of concrete with fly ash increases with 
the amount of fly ash content. At, concrete with fly ash creeps less than concrete 
without flyash [8]. Fly ash is a popular mineral additive with a wealth of experi-
mental data on its effect on concrete creep. The research study shows that using 
fly ash at a percentage of 12 or 30% reduces concrete creep shrinkage compared 
to using pure cement [9]. Many researchers have utilized fly ash asses the creep 
behavior of recycled concrete. Completely recycled concrete has a greater creep 
degree than regular concrete. Adding fly ash combined with mineral powder reduces 
the total creep and initial creep of the recycled concrete. Some Authors [10] have  
investigated the effect of development operative material on the creep effectiveness of 
ferrocement tubes and observed that creep decreases with concrete grade [11]. Self-
compacting concrete creeps more than ordinary concrete [12]. Chindaprasirt [13] 
found that fly-ash concentration and water–cement ratio increased creep. Because 
limestone contains more tricalcium aluminate, Hemalatha and Dwivedi [14, 15] 
reported concrete creep to reduce with concrete strength. This research work aims 
in a detailed review of literature works pertaining to the utilization of fly ash in 
concrete. The recent advancements and a comprehensive review of recent literature 
works have been presented [16–25]. Furthermore, effectiveness of fly ash utilization 
in constructions considering the aspect of enhancement of properties, environmental 
benefits, cost-effectiveness has also been presented. 
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Fig. 2 Potential percentage utilization of fly ash [as reported in 25] 

2 Necessity of Utilizing Fly Ash in Geopolymer 

FAA-GPCC concrete has been explored in this research work due to its high environ-
mental impact. A number of FAA-GPCC tests revealed that the material’s strength 
was on par with that of OPC concrete in several instances. Using FAA-GPCC tech-
nology may result in further economic and environmental advantages. However, if 
FAA-GPCC is to be considered the best long-term treatment, its impact on the long-
term characteristics of GPCC must be considered. A large number of papers have 
addressed the uses of FA and their impact on the technical characteristics of GPCC 
systems. Another section of this paper has an in-depth discussion of the different 
uses of FA is one of the by-products of coal combustion is fly ash, which is a fine 
powder generated by the burning of pulverized coal [7, 8, 17]. It is a by-product of 
the burning of coal. After the pulverized coal is burned in the boiler, molten mineral 
residue is left behind. After the flue gas has been collected and cooled in the boiler 
tubes, the waste solidifies and becomes ash. The larger ash particles are pushed to the 
bottom of the combustion chamber, referred to as “bottom ash” or “slag,” depending 
on their size. Evaporators and filter baghouses are used to recover FA from flue gas 
prior to exhaustion. If unburned colloidal particles do not burn, they nevertheless 
have an impact on the characteristics of the fuel. The mineral composition of the 
coal used to generate FA varies depending on the kind of coal utilized. Some of the 
most important variables to consider are coal supply, pulverization level, combus-
tion conditions, as well as ash collection and processing techniques in addition to the 
disposal methods [15, 17]. In recognition of the fact that each power plant is unique, 
the FA produced changes from plant to plant. The kind of FA generated in a plant is 
influenced by the circumstances under which it is burned.
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3 Environmental Impact of Using Fly Ash in Concrete 

Toxic metals (including mercury and arsenic) produced during coal burning endanger 
human and environmental health. FA disposal has many negative health and envi-
ronmental effects. FA has traditionally been released directly into the atmosphere, 
causing considerable harm to human and environmental health. Therefore, FA should 
be treated before it is released to control the pollution. FA is often stored in coal based-
power plants and dumped in landfills globally. FA is a pollutant because it includes 
acidic, toxic, and radioactive components [22, 23]. FA contains hazardous metals 
such as lead, arsenic, mercury, cadmium, and uranium [15]. Cancer and other respi-
ratory diseases such as asthma are increased by significant FA exposure. FA exposure 
has been related to brain issues including cognitive deficits and developmental issues, 
as well as lung, renal, and gastrointestinal issues. In open landfills or wet ponds, FA 
may pollute groundwater and damage the environment. Wet ponds hold around one-
fifth of total FA disposal, and uncontrolled leaching and leakage may be a significant 
environmental issue. When FA is exposed to dampness, the dangerous components 
break down and pollute the groundwater. Contaminated water is dangerous to human 
health and may cause cancer if ingested. 

4 Conclusions 

Production of Portland cement is rising, owing to increasing construction, industrial-
ization, and population expansion causing CO2 emissions in cement plants, leading 
to global warming and finding innovative eco-friendly materials is vital to miti-
gate this pollution [1–26]. FA is a fine powder generated by power stations burning 
pulverized coal. FA is an organic waste that causes dumping issues but in combi-
nation with water, it produces a cementitious material. Due to heavy volume of FA 
produced and shortage of disposal in landfills, a sustainable FA consumption solution 
is needed. Utilization of FA as a substitute of cement in concrete may guarantee safe 
waste disposal, minimize health hazards, reduce pollution from cement plants along 
with reduced CO2 emissions in addition to mitigation of cement production costs. 
Although FAA-GPCC has superior strength than conventional concrete, its dura-
bility is still an issue. According to current research, FA particle refining decreasing 
permeability. In addition, curing temperature influences GPCC absorption. Despite 
having more porosity than OPC concrete, FAA-GPCC exhibited better resistance 
to chloride attack by reducing chloride penetration thereby increasing the NaOH 
ratio in geopolymers. It also reduced chloride dispersal and permeability in compar-
ison to OPC concrete. The introduction of Na2-SiO3 solution did not enhance the 
freeze-thaw endurance of FAA-GPCC. FAA-GPCC is less susceptible to attack from 
atmosphearic agencies than OPC concrete. The FAA-GPCCs also have superior fire 
resistance and strength properties than OPC concrete by producing a denser concrete 
with smaller voids.
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Use of Waste Marble Dust and Waste 
Glass Powder and Bacterial Solution 
for Manufacture of Ecofriendly Concrete 

S. Varadharajan , S. V. Kirthanashri , Abhishek Tiwari , 
Animesh Jaiswal , and Bishnu Kant Shukla 

1 Introduction 

The cement utilization has vastly amplified in previous years due to increased 
construction activities which has resulted in enormous enhancement in emission 
of particulate matter and greenhouse gas. The use of concrete ingredients consump-
tion can be mitigated by substitution of WGP and WMD in concrete. WMD gains 
property of binding in contact with water. WGP shows similarity in property to fine 
aggregate. The WMD and WGP are available in abundance and processed econom-
ically. WMD can pose serious threat if not disposed as (a) It can stick to sides of 
drain pipes and cause blockage (b) Result in filling of soil pores and can render land 
infertile. (c) Can result in respiratory diseases. Utilization of WMD results in strength 
enhancement in concrete [1–6]. Ulubeyli et al. observed rise in concrete durability 
due to substitution of WMD. Mishra et al. observed enhancement in concrete strength 
due to mitigation in air void content [7]. Kelestemur et al. observed betterment in 
thermal properties due to WMD utilization in concrete [8]. However, some observers 
reported negligible effect of WMD on concrete properties, and low alumina content 
was reported as the main cause [9–11]. The adoption of WMD (replacing cement) 
and WGP (replacing fine aggregate) along with inclusion of Bacillus Pasteri and 
hooked steel fibers could aggravate the strength properties in addition to environ-
mental benefits. The combination of materials adopted in this work is not reported 
in previous research works to best of author’s knowledge. Also, a detailed study on
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strength and environmental properties for the combination of materials has not been 
deliberated in previous literature studies to best of author’s knowledge [6]. 

2 Materials and Methods 

This research work adopts Portland Pozzolana cement (PPC) as per BIS: 8112-2013 
[12] to act as a binding agent in concrete. The preliminary tests on PPC cement 
have been demonstrated in Table 1. Crushed gravels of size 20 and 10 mm have 
been utilized as coarse aggregates. The chemical characteristics of WMD and WGP 
are elucidated in Table 2. The fine aggregates are composed of natural sand as per 
BIS 383 [13]. The particle size distribution (fine aggregate and WMP) is shown in 
Fig. 1 and Table 3. The dolomite is the major crystalline compound as depicted by 
the chemical analysis of WMP along with small quantities of calcium carbonate and 
silicon dioxide. Chemical scrutiny of WGP shows silica as the main constituent. The 
hooked steel fibers have been included in ingredients of concrete (1, 2, 3% by cement 
weight) as per author’s previous research works [14, 15]. The properties of hooked 
steel fibers have been presented in Table 4. The Indian standard provisions have 
been followed for determination of. Proportions of cement: fine aggregate: coarse 
aggregate and it has been evaluated as 465 kg: 625 kg: 1130 kg for 1 cum of concrete. 
The detailed mix proportions used in this research paper have been elucidated in Table 
5. Bacillus pasteurii is adopted as a bacterial solution to enhance the properties of 
concrete. The purification and isolation has been done following Metwally et al. [16]. 
The inclusion of WMD increases concrete strength in compression [15, 17]. 

Table 1 PPC test results Tests Experimental value Standards as per is 
8112–1980 

Normal 
consistency 

28% – 

Initial setting time 
(min) 

132 Not less than 
30 min 

Final setting time 
(min) 

95 Not greater than 
600 min 

Fineness (m2/kg) 351.65 

Specific gravity 3.01 – 

Compressive strength in Mpa 

3 days 30.62 

7 days 41.54 

28 days 46.45
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Table 2 Chemical composition of cement and WMD and WGP 

Chemical composition Cement WGP WMD 

Calcium oxide 48.8 11.02 42.32 

Silicon dioxide 31 73.0 5.6 

Aluminum oxide 9.3 2.50 0.4 

Iron oxide 5.2 0.30 0.80 

Sulfur trioxide 2.6 0.35 0.187 

Magnesium oxide 2.2 1.55 14.34 

Potassium oxide 0.5 11.18 0.076 

Sodium oxide 0.4 0.10 0.065 

1 

0.95 
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0.85
FA 

0.8 
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Fig. 1 Sieve analysis of WMD and fine aggregate 

Table 3 Properties of coarse and fine aggregate 

Property Coarse aggregates Fine aggregates 

20 mm 10 mm 

Specific gravity 2.69 2.76 2.57 2.67 

Water absorption 0.885 0.94 1.64 1.85 

Fineness modulus 6.89 6.51 2.55 2.48

3 Results and Discussion 

(a) Compressive strength 

The strength of concrete in compression is evaluated as per provisions of Indian 
standard code. Figure 2 depicts mean compressive strength results of concrete cubes 
at age of 28 days. The 28 day strength in compression for C1, C2, and C3 mix
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Table 4 Properties of 
hooked steel fibers 

Property name Value 

Wire diameter (d) 0.75 mm (±0.04 mm) 

Fiber length (L) 60.0 mm (±2 mm) 

Hook length (l and l’) 1–4 mm 

Hook depth (h and h’) 1.80 mm (±1 mm) 

Bending angle 45 (min. 30) 

Aspect ratio (L/d) 80 

Tensile strength of drawn wire 1200 N/mm2 

Table 5 Details of mixes Mix number WMD (%) WGP Bacterial concentration 

C0 0 0 Not present 

C1 3 10% Not present 

C2 6 10% Not present 

C3 9 10% Not present 

D1 3 10% 106 per ‘ml’ 

D2 6 10% 106 per ‘ml’ 

D3 9 10% 106 per ‘ml’

increases by 11.56, 13.35, and 16.48% with respect to C0 mix. The addition of 
bacterial solution increases the strength in compression by 13.34, 15.23, and 18.11% 
for D1, D2, and D3 mix as compared to D0 mix. This observation is in correlation 
with results reported in previous research works. This happens because of better 
filling of voids in the concrete matrix by WMD. Also, capacity of binding of cemen-
titious matrix increases due to chemical reaction (between C3A and WMD) leads to 
production of carbano–aluminates [14, 18, 19]. Mixing of steel fibers in concrete 
by 1, 2, and 3% by weight of cement augments the compressive strength by 22.69, 
29.13, and 33.49% because of crack bridging by steel fibers. D3 mix was observed 
to gain maximum compressive strength in comparison to all mixes and this result 
is in correlation with previous studies [9, 14, 15]. Mishra et al. obtained a 53.83% 
enhanced strength in compression due to substitution of fine aggregate with WMD 
[10]. Khyaliya et al. reported an enormous increase of 150% in cement mortar due 
to substitution of fine aggregate with WMD [20]. Similar conclusions have been 
reported in previous research works [18, 21, 22]. But, reverse observations were 
reported by other researchers due to addition of WMD [11, 23].

(b) Split Tensile strength 

The concrete strength in tension is determined as per procedures suggested in Indian 
standard code. Figure 3 elucidates 28 day concrete strength in tension enhances by 
11.01, 15.23, and 18.21% for C1, C2, and C3 mix as compared to C0 mix. The addi-
tion of bacterial solution further enhances by 14.12, 18.65, and 22.67% in comparison
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Fig. 2 Mean 28 day compressive strength for concrete a with bacterial solution, b without bacterial 
solution (mix 1 denotes C0 mix, mix 2: C1, mix 3: C2, mix 4: C3. SF represents steel fiber percentage)

to C0 mix (Fig. 3). The development of carbano–aluminates causes cement matrix to 
get dense and improves interfacial transition zone [24]. A 33 % enhanced strength in 
tension was reported by Hebhoub et al. to substitution of WMD with fine aggregate 
[25]. Similar findings were concluded by Kabeer et al. for cement mortar cubes [9]. 
Contradicting observations have been reported by previous researchers due to addi-
tion of WMD in concrete [11, 23]. The strength in tension increases by addition 
of steel fibers due to increased ductility and densification of interfacial transition
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Fig. 3 Mean 28 day split tensile for concrete a with bacterial solution, b without bacterial solution 
(mix 1 denotes C0 mix, mix 2: C1, mix 3: C2, mix 4: C3. SF represents steel fiber percentage) 

zone [24, 26–28]. A 76% increment in strength was reported by Libre et al. [29]. 
Gao et al. reported similar results [30]. A 38.7% increase in concrete strength in 
tension was observed by Siddiqui et al. due to inclusion of steel fibers [31]. El-Dieb 
reported an enormous enhancement of 52% in concrete tensile strength due to the 
substitution of 0.52% steel fibers [32]. Sahmaran and Yaman, Khaloo and Gencel 
also reported increased split tensile strength by addition of steel fibers [33–35]. 

The experimental data are utilized to propose alternate rules to estimate strength 
of concrete in tension and compression as
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f cc  = 0.601a + 301.14b + 17.12c + 11.34d − 16.34 (1) 

f t t  = 0.03843a + 20.12b + 3.42c + 2.13d − 1.723 (2) 

where f cc is compressive strength, f t tis split tensile strength, a is no. of days, b is 
percentage of steel fibers, c is percentage of WMD, d is percentage of WGP. 

The above proposed rules showed excellent correlation with reference to exper-
imental results and results reported in previous literature (Fig. 4). The addition of 
WMP to concrete has beneficial effect in concrete [1–10, 14–22, 24– 45].

(iii) Environmental impact assessment 

ISO 14040 [44] guidelines are used for assessment of environmental benefits 
of manufactured concrete. The determination of environmental benefit considers 
concrete life cycle from manufacturing to disposal. OPEN LCA software [46] has 
been utilized for life cycle assessment study. The inventory data are taken from 
Mendoza et al. [45]. The recipe midpoint and endpoint parameters have been adopted 
in accordance with previous research works [14, 15]. Figure 5 depicts the results of 
environmental impact assessment due to addition of WMD and WGP in concrete. 
From Fig. 5, it could be clearly seen that addition of WMD and WGP in concrete 
leads to decrement of CO2 emission by 14 %.

The parameters considered in recipe midpoint and endpoint analysis have been 
considered as per author’s previous research works [14, 15]. The results of recipe 
midpoint and endpoint analysis have been depicted in Fig. 5 elucidate that due to 
incorporation of WMD and WGP the greenhouse gas emission is decreased by 14% 
which is quite substantial in reduction of global warming. The particulate matter 
emission observes a decrease of 45% due to inclusion of WMD and WGP which 
is quite useful considering environmental pollution and respiratory diseases caused 
because of WMD and WGP. In addition, the magnitude of emitted chlorofluro carbons 
is inhibited by 18% which is quite useful in reducing the rate of ozone depletion. 
It is because, reduction in amount of WMD and WGP diminishes the quantity of 
cement and fine aggregate required. The dredging of fine aggregate is one of the 
most discussed environmental concerns, especially in India as dredging promotes 
floods which is one of the worst forms of socioeconomic disasters. The parameters 
considered for endpoint analysis are (a) Ecosystem quality (b) Resources utilized (c) 
Aspect of human health. It is clearly evident from Figs. 6 and 7 that the inclusion of 
WMD and WGP results in significant improvement of the environmental parameters 
leading to the sustainable development. The Bacillus pasteurii inclusion leads to 
marginal improvement of environmental parameters.
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Fig. 4 a Comparison between actual and predicted compressive strength. b Comparison between 
actual and predicted split tensile strength

4 Conclusions 

This work aims to incorporate industrial wastes like WMD and WGP in concrete to 
derive better strength properties and environmental benefits. In this research work, 
cement is substituted by WMD in percentages of 3, 6, 9%, and fine aggregate is 
substituted by 10% WGP. In addition, Bacillus pasteurii and steel fibers have been 
included in concrete to enhance strength properties of manufactured concrete. The
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Fig. 7 Effect of WMD and WGP on environment

results elucidate that addition of WMD, WGP, Bacillus pasteuri, and hooked steel 
fibers increases the strength properties of concrete significantly, and formation of 
carbano–aluminates also results in significant strength enhancement. This is because 
of micro-filling ability of WGP and WMD which fill the pores of concrete effectively. 
The mix D3 gained the maximum strength as it contained percentage of WMD, 
WGP, and bacterial solution and hooked steel fibers. In this research work, alternate 
equations have been proposed to determine the mechanical properties. The proposed 
rules were observed to be more accurate as indicated by a high value of correlation 
coefficient. The environmental benefits were assessed by OPEN LCA software which 
showed comprehensive reduction in percentage of particulate emission and carbon 
dioxide emission due to incorporation of WGP and WMD. 
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Study on Suitability of Sawdust 
as an Alternate for Fine Aggregate 
in Concrete 
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and Gaurav Bharti 

Abbreviations 

CA Coarse aggregate 
FA Fine aggregate 
FST Final setting time 
IST Initial setting time 
NCC Normal consistency of cement 
OPC Ordinary Portland cement 
SD Sawdust 

1 Introduction 

Concrete is a composite material made from a specific ratio of water, fine aggregate, 
coarse aggregate, and cement. The cement acts as a binder that binds all the fine and 
coarse aggregates together, hence forming one solid mass. Concrete is an essential 
construction material, due to its ease of workability and good compressive prop-
erties, although its tensile and flexural properties are very poor. According to some 
resources, mechanical strength characteristics of concrete perhaps enhanced through
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the addition of reinforcement materials and admixtures. Agricultural (organic) mate-
rials are usually used to replace synthetic materials, during the production of green 
concrete. Within the past two decades, there has been intensive campaign for green 
concrete, due to the climate change and environmental issues of synthetic materials. 
Applications of these green concretes are widely acceptable in several construc-
tional works, due to their environmental friendliness, lightweight, cost-effectiveness, 
and their appreciable structural properties. Availability of agricultural materials is 
widespread in the rural areas where they are produced, and proper disposal of their 
waste products often becomes a problem. Several researches had incorporated natural 
materials in the production of hybridized green concretes. 

Generally concrete is a material which is used next to water all over globe. As India 
is a developing country in which construction activities like infrastructure develop-
ment, housing projects are rapidly increasing. So, one can presume the quantum 
of concrete for the completion of these projects without any shortage of resources. 
Based on the type of concrete application, 25–35% of total volume will be fine 
aggregate. The main reason for using natural sand as a fine aggregate in concrete 
compared to the other materials is because of its superior shape, size, and bonding 
characteristics. And, because of its low-cost and widespread availability, river sand 
is a popular building material. River sand has a spherical particle shape and a smooth 
texture due to long Term abrasion by water against the sand particle [1]. It also has 
a very low amount of silt and clay since it has been washed for years. India is a 
developing country with a yearly growth in the construction sector, particularly in 
structural and infrastructural constructions. As a result, demand for river sand has 
increased to keep up with the growth of the construction sector. On the other side, 
overuse of river sand resulted in a significant depletion of river sand. The removal of 
river sand from the riverbed has caused several environmental problems, including 
bank erosion, the loss of water-retaining sand strata, aquatic life disturbance, the 
lowering of the underground water table near the stream, and the loss of vegetation 
along the riverbank, all of which have an impact on the habitat above and below 
ground. 

Sawdust is an unpopular material that is hardly employed in the construction as 
a building material, but it is commonly discarded as waste from furniture manufac-
turing industries and sawmill and because it is plentiful and has no practical value. 
From the literature studied, India produces approximately 30,000–33,000 T sawdust 
annually [2–6]. As a result, the study’s objective is to achieve the optimum dosage 
of sawdust to use as a partial replacement for fine aggregate in concrete. In addition 
to the above, a novel approach is made by treating the sawdust and making it mois-
ture free; meanwhile, binder material has been also replaced with supplementary 
cementitious material, i.e., fly ash.
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Table 1 Physical properties of OPC-43 

NCC 32.0% 

Compressive strength (28 days) 47.5 N/mm2 

2 Materials 

2.1 Cement 

OPC-43 was used for the concrete production (Table 1). 

2.2 Fly ash 

Class-F fly ash is utilized for a fractional substitution of cement by 81 weight in 
concrete. 

2.3 Water 

Ground water of pH 7.3 is used for the concrete manufacturing. 

2.4 Fine Aggregate 

Locally available normal-graded natural sand (Zone-II) 

Properties tested natural sand sawdust 

Fineness modulus 3.04 2.21 

Confirming to Zones II and III (Table 2). 

Table 2 Physical attributes of FA and SD 

Sp.gr 2.58 1.7
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Fig. 1 Sawdust 

2.5 Coarse Aggregate 

20 mm downsize crushed granite was used for the concrete production. 

2.6 Sawdust Preparation 

Preparation of sawdust: used in this investigation collected from local furniture manu-
facturing cum sawmill in Noida. To completely dry the sawdust, it is oven dried at 
a temperature of 50 °C for 24 h before being ground into smaller pieces, making 
it easier to mix with regular concrete. In order to determine the gradation and zone 
of sawdust sieve, analysis test was conducted as per BS 882:1992. Sawdust passing 
through 4.75 mm sieve and retained on 75 µm sieve is selected for replacement of 
natural sand in concrete (Fig. 1). 

3 Method  

3.1 Particle Size Grading 

The sieves analysis of the fine aggregates was determined in compliance with Indian 
Standard procedures. 

3.2 Mix Ratio 

A conventional mix ratio of 1:1.5:3 (C: FA: CA: 0.55) and water-to-cement ratio of 
0.55 were adopted for the concrete production. During the course of the concrete
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production, the natural sand was replaced with 2.5, 5.0, 7.50, 10.0, and 12.5% of 
sawdust. 

3.3 Concrete Preparation 

Two sets of concrete were produced during the course of this study; one set was incor-
porated with fly ash (10% of the cement weight), while the other set was produced 
without fly ash. The constituent materials (fly ash, sand, gravel, cement, and water) 
were thoroughly mixed by using the mechanical mixing method. The fly ash was 
dissolved in appropriate amount water (water-to-cement ratio), to be used for the 
concrete production to form a starch solution. After obtaining a near homogenous 
material, the freshly mixed concrete was filled into a standard mold (150 mm × 
150 m × 150 mm), in three layers. Each layer was then rammed thirty-five times. 
Then, the cast concrete cubes were covered and left under a shady for 24 h, before 
they were removed from the molds. All the concrete cubes produced were cured 
by total immersion in water. The compressive strength and split tensile strength test 
have been conducted as per IS provisions. 

3.4 For Sawdust Experimental Work 

The experimental activity entails completing a gradation analysis of SD in accordance 
with the BS 882:1992 standard grading and using the results to design a mix to meet 
the needed strength and quality of concrete. After that, the concrete is checked for its 
workability parameters in fresh state using the slump test and then concrete cubes and 
prism are cast for further examination of hardened properties. A total of 36 cubical 
specimens were casted and called M0, M1, M2, M3, M4, and M5 in order to conduct 
the strength tests. 

For each combination, a total of six concrete cubes were cast and testing has 
been done at the same age of 7D and 28D for all blends. Prisms for each mix were 
casted and tested for 28 days only. The ratio of water-to-cement was set at 0.55. The 
casted cube and prism concrete specimens were kept for curing in a tank situated in 
laboratory and then tested their compressive strength and flexural strength at different 
ages as mentioned above (Table 3).
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Table 3 Mix proportion 

Mix Cement 
(Kg/m3) 

Fly ash (Kg/m3) FA (Kg/m3) SD (Kg/m3) CA (Kg/m3) Water 

M0 360 40 600 0 1200 220 

M1 360 40 585 15 1200 220 

M2 360 40 570 30 1200 220 

M3 360 40 555 45 1200 220 

M4 360 40 540 60 1200 220 

M5 360 40 525 75 1200 220 

4 Results and Discussion 

4.1 Particle Size Grading 

The result revealed that the sand was well graded and met the BIS 87:2000 recom-
mended. Indian Standard states that if sand had uniformity coefficient (Cu) higher, 
i.e., greater than 6 (Cu > 6), and also fine particles 160 content less than 5% (fines 
< 5%), the material or soil is considered as well graded and preferable for concrete 
production. 

4.2 Workability (Slump Test) 

The reason for the new substantial testing was to decide the functionality of each 
one of the six different blends. The slump test was utilized in this order to decide the 
consistency of the blend [7, 8]. The slump value obtained that for control mix was 
90 mm, and shape of slump classed as true slump with high functionality according 
to the workability test results in Fig. 2. But the sawdust replaced mix has decreasing 
slump value; this may be due to water absorption characteristic of sawdust. 

Fig. 2 Slump test
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Fig. 3 Variation of compressive. Strength with age and percentage of SD 

4.3 Compressive Strength 

It was observed from the results that in (Fig. 3), the sawdust negatively affected the 
compressive strength of the concrete produced by higher replacements. At the age 
of 28D curing, one can observe steep decrease in the graph, as the sawdust volume 
increased from 2.5 to 12.5%. The results revealed that the compressive strength on 
the concrete decreased from 29.22 to 12.9 N/mm2 for 7 days curing age and from 
36.44 to 22.13 N/mm2 for 28 days curing age, as the sawdust volume increased from 
0 to 12.5%. 

4.4 Flexural Strength 

It was observed from the results that (Fig. 4), the sawdust had a negative effect on the 
flexural strength of the concrete produced [9, 10]. Test has been conducted on 28 days 
cured specimen, and the reduction in strength was observed from 6.43 to 4.82 N/mm2 

for 0–12.5% replacement of SD. But when compared to the percent of reduction in 
strength to that of flexural strength to compressive strength steep reduction is not 
observed in flexural strength. This may be due to the fibrous characteristic of the SD 
which is responsible for such trend.
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Fig. 4 Variation of flexural. 
Strength with age and 
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5 Conclusion 

This research aim was to evaluate the effect of using sawdust as partial replacement 
of sand, in concrete manufacturing. Based on the confined observe achieved on the 
workability and strength test conducted on SD concrete, the subsequent conclusions 
are drawn. 

• Sawdust a waste material can be considered for partial substitute of natural sand in 
the concrete mix through adopting some initial treatment like drying and grading 
practice. 

• Study shows the aptness of sawdust in concrete and quantifies the variation in 
strength properties and potential changes. 

• Results indicate approximate strength equal to the conventional mix of M20 
(1:1.5:3) grade can be obtained by replacing up to 10% of natural sand by sawdust. 

• Optimum replacement of SD can be limited to 10% of total volume of fine aggre-
gate beyond which a there is noticeable decrease in both compressive and flexural 
strengths. 

• Furthermore, using SD reduces the density of concrete, making it lighter and 
appropriate for use as a lightweight construction material in a variety of civil 
engineering applications. 

• From the above conclusions, the workability and mechanical properties of 
concrete blend are inversely relative with the quantity of SD brought into the 
concrete. More the addition of SD, the lesser will be the workability and strength of 
the mix. This phenomenon is because of excessive water absorption characteristics 
of SD. 

Therefore, there is no extensive scope for using SD as complete substitute to fine 
aggregate in concrete.
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Study on Paving Blocks Using Plastic 
Waste 

N. H. Parikshit , B. N. Manjunath, and Bishnu Kant Shukla 

1 Introduction 

Paver blocks are a popular decorative approach for laying out a pavement or hard 
surface. Pavers are available in a variety of styles, shapes, and colours. Block paving 
can be used to create a variety of various laying patterns. Manufactured and natural 
pavers are the two primary types of pavers. Concrete is the first type of produced 
paver. They are often strong and longlasting. 

Plastics are becoming a more significant part of municipal solid waste. There is a 
lot of garbage plastic in the house, and it is becoming bigger. Although the amount 
of plastics in waste consumption is high, trash consumption differs by nation since it 
is unaffected by socioeconomic variables or garbage management programmes. We 
must make efficient use of it in order to address this issue. 

This initiative recycles waste plastics and examines their characteristics as paving 
blocks. Because they are simple to lay and finish, paver blocks are perfect for 
constructing and completing paths and highways. The strength attributes of pavement 
blocks made of waste plastics are discussed, as well as design concerns for pavement 
blocks made of waste plastic bags. This initiative recycles waste plastics and exam-
ines their characteristics as paving blocks. Because they are simple to lay and finish, 
paver blocks are perfect for constructing and completing paths and highways [1, 2]. 
Plastic waste used in this work was brought from Ghazipur landfill site, Ghazipur 
dairy farm, New Delhi, and some in small quantity was brought from surrounding 
areas of Sector 62, Noida [3].
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Table 1 Experiment values 
of different properties 

Properties of cement Experimental values 

Normal consistency 28% 

Initial setting time 30 min 

Final setting time 590 min 

Specific gravity of cement 3.02 

2 Materials and Methods 

Ordinary Portland cement (53 grade), M-Sand, 10 mm coarse aggregate, PVC 
powder, and water are the ingredients to be utilised in the concrete mix [4]. 

2.1 Cement 

Cement is a binder, a chemical that binds materials together in building by setting, 
hardening, and sticking to them. Rather of being utilised on its own, cement is 
generally employed to bind sand and gravel (aggregate) together. Masonry mortar is 
manufactured from cement and fine aggregate, whereas concrete is made from sand 
and gravel. Cement is the most frequently used material on the globe, coming in 
second only to water as the most utilised resource. 

Inorganic cements, such as lime or calcium silicate, are widely employed in 
construction and are categorised as hydraulic or non-hydraulic based on their 
capabilities. 

In this project, ordinary Portland cement with a grade of 53 is employed. Table 
1 shows the physical characteristics of OPC as determined. The cement’s physical 
characteristics were examined in the laboratory [4]. 

2.2 Fine Aggregate 

The particles of fine aggregate—sand—are small, and their appearances are rarely. 
For this experiment, manufacturing sand was utilised. To remove toxic and large 
particles, the fine aggregate was sieved using a 4.75 mm sieve. 2.71 was discovered 
to be the specific gravity. The experiment values of different properties of cement 
are shown in Table 1, and particle size distribution curve is shown in Fig. 1.
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Fig. 1 Particle size distribution curve 

2.3 Coarse Aggregate 

Coarse aggregates are any particles greater than 0.19 in., but generally range between 
3/8 and 1.5 in. in diameter. Gravels constitute the majority of coarse aggregate used 
in concrete with crushed stone making up most of the remainder. The IS 15258:2006 
describes that the maximum size of coarse aggregate should be 12 mm for paver 
design. Hence, 10 mm coarse aggregates are used in this work. 

2.4 PVC 

Polyvinyl chloride or PVC is most widely made synthetic plastic polymer, behind 
polyethylene and polypropylene. In 10, 20 and 30% of the cases, PVC plastic was 
crushed to a powder and replaced with sand accordingly, and it is shown in Fig. 2. 
The process of selecting acceptable mix components and determining their relative 
proportions in order to make concrete with the least amount of strength and durability 
while being as cost-effective as possible is referred to as mix design. Mix design can 
be accomplished in a variety of ways.

• The concrete mix for M30 grade was designed according to IS10262-1982. In 
percentages of 10, 20, and 30%, PVC plastic powder will be substituted in sand. 
The following techniques were used to manually compute the design: 

• Calculate the volume of the mould. 
• The concrete mix ratio must be calculated according to the IS codebook. 
• The amount of materials needed to determine the mould volume.
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Fig. 2 PVC powder

2.5 Test Data for Materials 

• Specific gravity of cement 3.12 
• Specific gravity of coarse aggregates 2.65 
• Specific gravity of fine aggregate 2.71 
• Fineness modulus of coarse aggregate 6.26 
• Fineness modulus of fine aggregate 2.05. 

Table 2 shows the mix proportions in detail. The proportions listed here are for a 
single paver mould. The concrete mix is determined by the number of paver moulds 
used and the needed quantity of concrete paver blocks [5]. The above-mentioned mix 
proportion can be used to determine it and also after casting the paver blocks made 
from plastic which is shown in Fig. 3 [6] (Table 3). 

Table 2 Details of mix proportions 

Materials (kg) Cement (kg) Fine aggregate (kg) Coarse aggregates 
(kg) 

PVC powder (kg) 

PB (0%) 0.78 1.33 1.471 0 

PB (10%) 0.78 1.20 1.471 0.13 

PB (20%) 0.78 1.07 1.471 0.26 

PB (30%) 0.78 0.935 1.471 0.4
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Fig. 3 Plastic waste paver 
block 

Table 3 Compressive 
strength results of an ordinary 
paver block 

Curing days Compressive strength (Mpa) Average (N/mm2) 

7 16.58 16.3 

16.02 

28 32.02 32.01 

32.0 

3 Experimental Result 

Plastic concrete blocks must be examined under a compression testing machine 
(CTM) after adequate curing to determine their compressive strength applied a 
progressive compressive force to the specimen. The paver block was placed on the 
platform, and the load was imparted at a constant and uniform velocity on a smooth 
surface. 

Taking note of the weight at which it did not succeed at and divided it by the 
cross-sectional area gave the compressive strength of the specimen determined by 
the paver block. 

The strength of paver block after replacement of fine aggregate with the plastic is 
shown in Table 4, Table 5, and Table 6, respectively. 

The average compressive strength of an ordinary paver block for 7 days is 15.15 
N/mm2, whereas that of a plastic paver block is 30.06 N/mm2, which is slightly 
less than that of an ordinary block, indicating that plastic paver blocks can be used 
as an alternative as shown in Table 5. Paver blocks made using plastic waste, fine 
aggregates, and coarse aggregates have shown better results [7, 8]. Up to 20% of 
plastic, the property such a compressive strength was improved as shown in Table 5.

Table 4 PVC powder is used 
to replace 10% of the fine 
aggregate 

Curing days Applied load 
(KN) 

Compressive 
strength 
(Mpa) 

Average 
(N/mm2) 

7 409 14.98 15 

410 15.02 

28 819 29.98 29.96 

818 29.94
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Table 5 PVC powder 
replaced with 20% fine 
aggregate 

Curing days Applied load 
(KN) 

Compressive 
strength 
(N/mm2) 

Average 
(N/mm2) 

7 412 15.09 15.15 

415 15.20 

28 820 30.03 30.06 

822 30.10 

Table 6 Thirty percentage 
replacement of PVC powder 
with fine aggregate 

Curing days Applied load 
(KN) 

Compressive 
strength 
(N/mm2) 

Average 
(N/mm2) 

7 407 14.90 14.95 

410 15.01 

28 815 29.85 29.85 

815 29.85

According to the above test results, the average compressive strength of a regular 
concrete paver block after 28 days of curing is 32.01 N/mm2, while the average 
compressive strength of a plastic paver block is 29.85 N/mm2. Hence, the paver 
blocks showed better results up to 20% replacement and further decreased as shown 
in Table 6. The bar chart depicting compressive strength results of 7 and 28 days is 
shown in Fig 4. The obtained results show that a plastic paver block has almost about 
the same strength as the regular one. 

Based on the findings, it can be stated that plastic paver blocks may be used in 
parks, footpaths, and yards of both residential and commercial buildings since the 
compressive strength is adequate for user convenience [9].

Fig. 4 Bar chart depicting 
compressive strength results 
of 7 and 28 days 
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4 Conclusion 

• In our country, disposing of plastic garbage is a major issue. As a result, using 
waste plastic in paver block manufacture is a beneficial means of disposing of 
plastic trash since it lowers the quantity of plastic litter in the environment. 

• Because plastic is a cheap material, replacing the fine aggregate with it lowered 
the cost of the paver blocks substantially. Hence, the paver blocks proved to be 
cheaper than the conventional blocks. 

• Paver blocks using plastic waste showed to be more heat-resistant than the 
conventional blocks; this was due to the fact that the plastic is a heat-resistant 
material [10]. 

• It can be used in the places where there is light traffic and more pedestrians. 
• Paver block made using plastic waste, fine aggregates, coarse aggregates have 

shown better results. Up to 20% of plastic, the compressive strength was improved. 
• Waste plastic paver block can be used in non-traffic and traffic road. 
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A Review on Applications of Steel Slag 
in Traditional and High-Strength 
Concrete 

Uddeshya Misra, K. Senthil, and Kavita Rani 

1 Introduction 

An important sector of the economy is construction, which contributes to economic 
growth. In the history of civilization, the desire for living places has been a big 
motivation for major developments. Since the beginning of time, living people have 
been creating places to live. For this purpose, human beings came out with new 
solutions and innovated many new materials in the form of stone, mud, wood to 
fulfill the demands of construction and gradually with time, discovered new materials 
namely cement, bricks, steel rods, plywood, plastic, fiberglass, etc. and we need to pay 
special attention toward construction materials such as cement and concrete as they 
are widely used in the construction sector across the world and their consumption rate 
is quite high. Buildings for residential, infrastructural, and public uses have grown 
alongside construction technology and urbanization. Construction sector has grown 
and become one of the biggest sectors since the 19th century thanks to Portland 
cement and reinforced concrete. These materials contributed to faster production 
periods. Globally, concrete is one of the most widely used materials across the world 
after water. Cement is fabricated in an estimated 4.1 billion tons annually, half of 
which is produced in China (half a ton per person). Each year, Portland cement is 
used to make concrete per person of more than 1 m3 [1]. 

The most common cement types today are blended cement and Portland cement. 
Other types include sulfate-resistant cement, volatile ash cement, and super sulfated 
cement. Thanks to cement technology, as it has accelerated modern construction. The 
cement industry itself produces 8% of total CO2 produced in the world, which illus-
trates how significant it is in charge of the climate process along with ejection from
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other sources. Both cement and concrete industries are continuously improving their 
production techniques and product standards as a means of reducing the harmful 
environmental effects. However, the processes (CO2 retention systems, etc.) that 
are currently being implemented are not sufficient alone. The production of cement 
and concrete cannot be stopped, so the other solution to this issue can be recycling 
industrial wastes as an alternative. Steel and iron slag and coal ash at thermal power 
plants, as well as their disposal to the environment, cause serious, irreversible envi-
ronmental problems. In the construction industry, there have been several initiatives 
to find use for sustainable building materials. One of these initiatives involves steel 
slag, which has proven to be a highly useful waste product [2–5]. By replacing fine 
aggregate with steel slag, and considering size distribution, compressive strength can 
be increased [6–10]. The steel slag, which was released into nature in the past and 
could be a serious environmental threat, is currently used in a variety of applications 
including concrete aggregate, asphalt pavement, clinker, and as ballast for railways. 
The steel slag usage for the above purpose has provided a means for preventing our 
limited natural resources from being depleted as quickly as possible and preventing 
the environmental degradation caused by waste. Approximately, the production of 
steel slag as 10–15% of crude steel. As per world Steel Association, 11.5 million ton 
slag is recycled out of 15.7 million tons. 

Among the world’s largest steelmakers, China, the amount of SS that is reused 
is approximately 30% and in China alone, about 80 Mt of SS are itself per annum 
[11]. Steel slag recycling rates in developing countries and some developed countries 
are relatively lower. Yet in developed nations, the rate is much higher [12]. Apart 
from being used as aggregate and cementitious materials, blast furnace slag and 
GGBS can be used as supplementary cementitious materials. There have also been 
numerous studies available on other uses of steel slag namely as construction, slag 
wool, concrete component, etc. [13, 14]. However, the possibility of utilization of 
steel slag in the concrete section and the benefits of high-strength concrete with steel 
slag is not revealed by the investigators. Therefore, the present manuscript focuses 
on the application of steel slag in the construction industry and the possibility in 
the construction industry in various ways. The production of steel slag and their 
availability in India is discussed in Sect. 2. The mechanical properties of the concrete 
with steel slag in terms of compression, flexure, split tensile strength, and absorption 
are discussed in Sect. 3. 

2 Production of Steel Slag 

Owing to the oxidation process in pig iron, one of the major by-products in the 
production of steel is steel slag. Various kinds of steel slag are produced depending 
upon the method of its production, however, the properties are more or less the same. 
Sponge iron, scrap metal, or peak iron that makes its way through the blast furnace are 
usually used as raw material in the steel production. The process of steel production 
is shown [15]. There are generally two processes used for the production of steel slag.
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Fig. 1 Production of steel in India [16] 

First method is Electric Arc Furnace (EAF) and the other is Basic Oxygen Furnace 
(BOF). Electrical energy fulfills the demand of heat in EAF for melting and to get 
rid of impurities in the steel. And these impurities oxidize in the presence of oxygen 
and form steel slag. A key component of BOF is the conversion of pig iron into steel 
using burned lime as flux to remove impurities. Fig 1 represents the graph between 
production of steel and the year [16] for 1 ton of steel production 100–150 kg of 
slag is generated. Slag, which is obtained during the steel production process from 
the iron and steel plants, is transported to the discharge plant by railways. A molten 
steel slag can be cooled in a range of ways, including simple cooling, cooling with 
air and water, or cooling in a pool. The most common method involves discharging 
the slag into a pool and cooling it with blasting water. As the slag contacts water, it 
becomes hardened and crystallized into a gray and less permeable substance. 

3 Mechanical Properties of Concrete with Steel Slag 

Among the most important concrete properties are serviceability, strength, and dura-
bility. These attributes are directly influenced by the quality of the materials used 
in concrete [17]. Using aggregates obtained through natural resources and cement 
paste, concrete forms from binding these aggregates together [18]. In comparison 
to the granulated blast furnace slag, steel slag has little to no pozzolanic activity, 
so it cannot be used to blend cement. That is a reason that the steel slag is usually 
preferred as an aggregate replacement [17] and [19]. A steel slag base can be used 
for building a retaining wall, a sound barrier, or even an insulation layer for radi-
ation by comparing concrete produced by replacement of crushed limestone and
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steel slag. Maslehuddin et al. [18] obtained the mechanical properties and durability 
of the concrete. The slag/total aggregate ratio and concrete mix proportions were 
varied (0.45, 0.50, 0.55, 0.60 and 0.65) for steel slag mixtures. The cylinder 75 × 
150 mm was made from concrete mixes to investigate 28 days compressive strength 
(containing 60% crushed limestone). The volume of permeable voids, split tensile 
strength, compressive strength, flexural strength, absorption and being shown in Figs 
2, 3, 4 and 5 [18]. The concrete mixes containing steel slag aggregate have a higher 
specific bulk gravity than mixes containing limestone aggregate in crushed form. 
The compressive strength of samples with steel slag aggregate has also been found 
to be greater than samples of crushed limestone aggregate. With the escalation in 
steel slag rate, the volume of permeable pores decreased. 

Fig. 2 Effect of steel slag on 
compressive strength [18] 
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Fig. 4 Split tensile strength 
[18] 
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Fig. 5 Bulk density and 
permeable voids [18] 
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The concrete mixtures in which replacement is done by steel slag for their mechan-
ical properties are investigated by Qasrawi et al. [17]. They tested steel slag mixtures 
relying on replacement ratios of 0, 15, 30, 50, and 100%. In the study, they examined 
mixtures with compressive strengths of 25, 35, and 45 MPa. For investigation of 
compressive strengths at 3, 7, 28, 90, and 180 days, samples of 100 × 100 × 100 
were prepared. The concrete sample was subjected to curing at the laboratory under 
standard water curing until the test age was 7, 28, and 90 days. The specimens were 
obtained from 100 × 100 × 500 mm molds. At a 50% or more replacement ratio of 
steel slag, workability was negatively impacted. On the basis of replacement ratio & 
the grade of concrete, presence of steel slag fine aggregate enhanced compressive & 
tensile strengths. In the range of 15–30% replacement ratio, highest compressive 
strength has been observed [17].
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With respect to control blend, obtained only from limestone aggregate in crushed 
form, slag coarse aggregate yielded higher strengths in the concrete mixtures. Steel 
slag has relatively more compressive strength than limestone, which contributes to 
the high strength of slag mixtures. In addition, the fineness modulus of the normal 
coarse aggregate was 5.53, while the slag coarse aggregate was 5.43. Therefore, the 
surface area of the aggregates increased with the use of slag instead of limestone, 
and so the demand for water too escalated. And eventually, a decreasing trend was 
observed in the ratio of water and cement. Due to the rough surface when compared to 
limestone and being more angular in shape, the transition zone becomes stronger and 
as a result, bonding between mortar and aggregate escalates too, which automatically 
increases strength too. This study also found that using SS fine aggregate decreased 
workability because of the angular structure of the slag. In the past, studies on the 
similar lines also agree with studies of Maslehuddin et al. [18] and Pellegrino and 
Gaddo [23]. According to Devi [6] and Yang [20], with the increase in percentage 
of replacement, concrete workability reduces. Study by Kothai and Malathy [21] 
showed that using steel slag as a replacement material for fine aggregates made for 
a better workability than substituting coarse aggregate under similar conditions A 
study [22] found that steel slag delays the setting time of adhesives. According to Guo 
et al. [8], high-strength silica-fume concrete was found to have great compressive 
strength at 30% replacement with steel slag. 

Pellegrino and Gadde [23] study examined if steel slag could replace natural 
aggregates in traditional concrete. Some of the tests conducted by researchers are 
modulus of elasticity, tensile strength, compressive strength, and durability properties 
for different cases. Concrete mixes were prepared using natural aggregates and steel 
slag with slump value of approximately 185 mm, admixture rate of plasticizer as 0.4% 
air volume of 5%, water to cement ratio as 0.52, and admixture rate of entrained air 
as 0.016%. Different cases were investigated by the researchers in order to compare 
properties of traditional concrete with and without SS. The cases are natural aging 
of 74 days (C1), Warm water curing at 70° for 32 days (C2), A 90-day external 
weathering period followed by 32 days (C3), freezing and thawing for 25 days (C4), 
alternate wetting and drying for 30 days (C5). The result of the above five cases is 
shown in Fig. 6 [23] (Table 1).

4 Physical and Chemical Properties 

Due to its physicochemical properties, there are lot of uses of steel slag in industrial 
work. The density of steel slag is between 3.3 and 3.6 g/cm3 and is highly resistant 
to corrosion. The major components of steel slag are MgO, MnO, FeO, SiO2, Al2O3, 
CaO, Fe2O3, and P2O5 [32]. It consists of minerals such as C2S, C3S, and C4AF 
[33]. A steel slag’s chemical composition varies greatly according to the type of 
production. For example, steel slag produced from electric arc furnaces has less 
iron oxide when compared to steel slag produced from basic oxygen furnaces [34]. 
According to recent research, there are varying chemical compositions in steel slag
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Fig. 6 Compressive strength 
of concrete for different 
cases [23] 
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Table 1 Mechanical properties 

Authors Compressive strength 
(MPa) 

Flexural strength 
(MPa) 

Split tensile strength 
(MPa) 

Steel slag 
replacement 

Control 
Sample 

SS Control 
Sample 

SS Control 
Sample 

SS 

Subramani 
and Ravi [24] 

33.55 35.33–4.45 7.5 7.36–7.75 50–70% 
(CA) 

Palankar 
et al. [25] 

57.1 48.5–60.1 – – – – 50%, (CA) 

Patel [26] 35–43 29–42 4.72–5.17 4.38–4.80 3.2–3.26 3.15–3.88 100% 
naturel 
aggregate 

San Jose 
et al. [27] 

40.8 55.0–55.7 – – 3.9 4.1–4.3 100% (FA, 
CA) 

Wang et al. 
[28] 

50.4 29.7–36.7 – – – – 0–50% 
(cement) 

Dineshkumar 
and 
Suchithra 
[29] 

~ 65 ~ 72.5 ~ 5.5 ~ 5.66 ~ 4.2 ~ 4.41 0–50%(FA) 

Olonade 
et al. [30] 

21.48 21.06 2.74 2.34 – – 0–100% 
(FA) 

Sekaran et al. 
[31] 

36.4–39.62 34.1–42.29 5.8–7.2 6.2–7.53 3.69–4.37 3.87–4.43 0–50% 
(CA)
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relying on the type of steel produced. Compared to carbon steel slag, stainless steel 
slag contains less FeO and more SiO2 [35]. In Table 2, chemical compositions are 
given and in Table 3 some physical properties. 

Table 2 Chemical properties 

Authors Component 

MgO CaO Fe2O3 P2O5 SiO2 Al2O3 MnO FeO 

Saxena and 
Tembhukar [10] 

3.89 51.43 1.42 15.62 18.89 0.45 03.75 

Guo et al. [8] 60–70 41–43 – 14–15 4.0–5.0 – 21–23 

Anastasiou et al. 
[36] 

3.63 20.60 – 22.80 8.46 – 32.60 

Kourounis et al. 
[33] 

6.45 35.70 – 17.53 6.25 2.50 02.36 

Yuji [37] 5.61 42.00 1.99 16.00 1.50 – 07.78–17.6 

Abu Eishah et al.  
[38] 

9.23 39.62 – 17.23 4.08 0.70 20.40 

Pang et al. [5] 6.27 46.73 1.67 14.77 5.52 2.76 18.42 

Mohamad et al. 
[39] 

4.83 45.18 2.11 18.48 3.76 3.61 19.45 

He et al. [40] 8.86 50.56 1.32 21.36 4.62 – 03.16 

Table 3 Physical properties 
of steel slag 

Authors Physical properties 

Water absorption (%) Specific gravity 

Saxena and 
Tembhukar [10] 

0.8–1.60 2.64 

Pang et al. [5] 3.31 3.42 

Mohamad et al. 
[39] 

1.80 3.55 

Abu Eishah et al. 
[38] 

0.70 3.68 

Yuji [37] 3.80 3.70 

Devi and 
Gnanavel [6] 

1.32–5.0 3–3.84 

Dash et al. [3] 0.80–1.32 3–3.19 

Kim et al. [41] 1.68 3.31–3.37 

Gao et al. [42] 1.2–1.6 3.28–3.41
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5 Durability of Concrete with Steel Slag 

The density of steel slag is between 3.3 and 3.6 g/cm3 and is a highly corrosion-
resistant material. It means it will perform better in coastal areas as compared to 
normal concrete. Permeability plays a great role in case of durability, for lower 
percentage of steel slag around 15–20% permeability is less but in addition of steel 
slag between 30 and 45% the permeability is moderate [43]. So for a lower percentage 
of SS there will be less penetration of water and chemicals. SS improves cement paste 
and SS interaction thanks to its rough and porous surface [44]. which leads to higher 
compressive strength and durability. As steel slag contains a high amount of metal, it 
is less prone to abrasion, so it can be used as a wear course to improve performance. 
Overall it can be concluded that steel slag gives better durability then normal concrete 
at lower percentage of usage. 

6 Benefits of Utilization of Steel Slag 

Steel slag is a waste material for the steel industry and it can pollute the environment. 
So first of all the biggest benefit of utilization of SS is it will not pollute the environ-
ment. The cement industry itself produces 8% of total CO2 produced in the world, by 
utilization of SS as replacement in construction materials it will reduce production 
of those materials which means less production of CO2. Also, it has many benefits if 
we use it in concrete, for example, it improves the workability of concrete at the same 
mix proportion, it is easy to place and finish, at long term, it gives higher compressive 
strength as compared to normal concrete mix, its long term flexural strength is also 
greater than normal mix. By the usage of SS, the permeability of concrete can also 
be reduced. SS also has alkali-silica reaction mitigation properties. Usage of steel 
slag in concrete improves the durability and resilience of concrete. 

7 Conclusion 

Based on the detailed literature, it has been found that steel slag may be used in 
road and commercial buildings, as aggregate, coarse, and fine aggregate in concrete, 
and has a range of other applications. However, storage could pose a problem since 
a significant amount of material is still stored at treatment facilities. This poses a 
serious threat to the environment and is also economically detrimental. Recycling 
of waste could prove to be a game changer as it promotes sustainable development. 
Some of the major outcomes from this study is shown below; 

• Specific bulk density increased approximately by 20–30% with concrete made 
with steel Slag when compared with conventional concrete.
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• As coarse aggregate, steel slag proved to be more suitable due to its rough surface 
and physical properties. 

• There are insignificant adverse effects on strength of traditional concrete when 
steel slag is substituted for natural aggregates up to 100%. 

• An angular shape, free CaO content and rough surface of steel slag in concrete 
may cause concrete lead to expand and increase permeability, thereby reducing its 
durability. However, permeability also decreases if percentage replacement with 
fines is relatively less. 

• The best result may be obtained at replacement of approximately 30% for high-
strength silica-fume concrete. 
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The Utilization of Industrial Waste 
as a Stabilizing Agent—A Review 

Mayadarshini Laishram , Davinder Singh , and Sanjeev Kumar 

1 Introduction 

With the ever-increasing population and urbanization, the choices of land to choose 
for construction become lesser and lesser. In most geotechnical projects, it is always 
not possible to acquire construction sites that will meet the design necessity without 
ground moderation. This proves to be a significant engineering problem. And hence, 
the idea of soil stabilization comes into play. Soil stabilization is a broad term used for 
any physical or chemical treatment of altering a natural soil to meet an engineering 
cause. 

In India, Expansive soils, also known locally as Black Cotton soil (BCS) are 
spread over 5,18,000 km2 of land [1]. Due to seasonal fluctuations in moisture 
content, BCS is exposed to significant shrinkage and swelling, which can cause signif-
icant structural damage. Chemical stabilization will be used on this soil, which is 
described as the process of combining and blending chemical additives to improve the 
soil’s geotechnical properties. Generally, Calcium-based additives, such as lime and 
cement, are commonly used for stabilization to increase strength, reduce swelling, 
and even out the settlement. However, mounting concerns about carbon dioxide emis-
sions and the resulting climate crisis necessitate the innovation of more sustainable 
soil stabilization techniques based on waste materials [2]. 

On the other hand, as the rate of industrialization increases, so does the rate 
of production of industrial waste, resulting in a slew of environmental challenges 
around its disposal [3]. In developing countries, the utilization of waste material in 
soil stabilization creates a sustainable platform for the management of waste [4–6]. 
The use of Granulated Blast Furnace Slag (GBS) as a stabilizing agent was found to 
have increased the strength and physical properties of soil [7]. Certain engineering
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properties like the CBR resulted in an increase in value with the addition of CS 
as an additive in the problematic soil [8]. Stabilizing with cement kiln dust (CKD) 
showed enhancement in soil mixture strength with values increased up to a certain 
factor [9]. The use of rice husk ash (RHA) with calcium carbide residue (CCR) as 
an additive shows great feasibility and effectiveness as a cementing material giving 
a good performance, better economy and disposal costs, and lesser distress to the 
environment [10]. Coal combustion fly ash (CFA) blended with an additive like 
cement can be used in varying quantities to acquire the best possible stabilizing 
mixture [11] (Fig. 1). 

The stabilizing efficiency and sustainability of various industrial wastes with 
pozzolanic character (as shown in Fig. 2) will be explored in terms of varying engi-
neering physical strength qualities in this article. In summary, the paper intends to 
give a full understanding of the feasibility and possible aspects of soil stabilization 
through the utilization of various industrial wastes that would otherwise be disposed 
of and would have taken up space in landfills. 

CFA [12] CS[13] GBS [14] CKD [15] RHA[16] 

Fig. 1 Different types of industrial waste 

Fig. 2 Chemical composition of CFA [17], CS [18], GBS [19], CKD [20] and  RHA [21]
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Fig. 3 The flow chart of pozzolanic reaction 

2 Pozzolanic Reaction 

The volume of clayey soils changes due to absorbed moisture, which forms a double 
diffused layer on the particles after contact with moisture. This leads to dispersion and 
flotation of the clayey particles forming voids and pores [2]. To close the gaps between 
the clayey soil particles, stabilizations of these soils are conducted using chemical 
additives. This can be attained by blending with a stabilizing agent containing Al, Ca, 
Si, etc. which causes a hydration reaction succeeded by a displacement reaction [22, 
23]. Ca and Na-ions are then displaced during the calcination reaction. The entire 
process gives rise to a pozzolanic reaction, forming calcium alumina-silica hydrate 
as the final product, which is the main binding phase responsible for strength gain 
[24] (Fig. 3). 

3 Effect of Industrial Waste on Geotechnical Properties 
of Soil 

3.1 Coal Combustion Fly Ash (CFA) 

Coal combustion fly ash is an industrial by-product obtained from the burning of 
coal for various purposes. In 2020, around 5% of electricity in India was generated 
by coal-fired thermal power plants [25]. The use of only CFA gives a negligible 
improvement in bearing capacity, owing to no pozzolanic reaction. In addition to 
secondary additives (such as cement, lime), there are visible improvements in the 
engineering properties [11]. The incorporation of CFA directly into soil reduces 
CBR because non-plastic fines replace plastic fines in the expansive soil, reducing 
cohesiveness [26]. As noted by Karami, lime was the best addition to enhance CBR, 
owing to its capability to activate CFA in the soil, promote pozzolanic reactions, and 
form cementitious materials [27] (Table 1).

3.2 Copper Slag 

Copper slag is an industrial by-product formed during the pyrometallurgical 
processing of metals from copper concentrates. Approximately 2.2 tons of slag are
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Table 1 The alteration in geotechnical properties of soil due to the addition of CBS 

S. No. % Added Type UCS (N/mm2) CBR (%) MDD 
(gm/cm3) 

OMC (%) PI (%) Reference 

1 15% CFA Raw – 3.20 1.73 19.2 – [27] 

+Lime Stabilized – 2.9 1.8 18.8 – 

2 15% CFA Raw 0.168 2.18 – – 1.2 [11] 

Stabilized 0.177 2.26 – – 1.4 

3 5% CFA+ Raw 0.500 – 2 22 30 [28] 

4% Lime Stabilized 0.990 – 3 38 18 

4 10% CFA Raw 0.31 25 1.79 17 – [26] 

Stabilized 0.44 35 1.75 16 –

Table 2 The alteration in geotechnical properties of soil due to the addition of CS 

S. No. % Added Type UCS (N/mm2) CBR (%) MDD 
(gm/cm3) 

OMC (%) PI (%) Reference 

1 3% CS Raw – 2.862 14 3.78 [29] 

Stabilized – – 2.280 12 5 

2 20% CS Raw – 7.50 1.597 12 – [30] 

Stabilized – 24.50 1.674 18 – 

3 20% CS Raw 2.4 – 1.6 12 – [13] 

Stabilized 3.4 – 2.1 7 – 

4 20% CS Raw – – 1.570 18 – [31] 

Stabilized – – 1.811 15.379 – 

generated per ton of copper produced. And around 37.8 million tons of CS are 
produced worldwide each year [18]. In their study, Shahiri and Ghasemi conclude 
that the use of CS decreases OMC and increases MDD, while the use of cement as 
a secondary additive reverses the effects. As CS absorbed water, the larger particles 
were able to penetrate the soil [13]. Gobinath reported an increase of up to 50% more 
in tensile strength on the use of CS as an additive. The noteworthy result is noticed in 
the CBR values of the soil, which is a result of the ceasing of the swell condition on 
the addition of CS [29]. The more addition of CS leads to higher MDD (up to 8.85% 
increase in MDD than the natural clay) resulting in a decrease in the plasticity [30] 
(Table 2). 

3.3 Granulated Blast Furnace Slag (GBS) 

GBS is a by-product of iron and steel production that is made by extinguishing molten 
iron slag from a blast furnace in water or steam, resulting in a glassy, granular product 
that is subsequently dried and grounded into a fine powder. In 2016, the production
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Table 3 The alteration in geotechnical properties of soil due to the addition of GBS 

S. No. % Added Type UCS 
(N/mm2) 

CBR (%) MDD 
(gm/cm3) 

OMC (%) PI (%) Reference 

1 10% GBS+ Raw <0.1 – – – – [33] 

1% cement Stabilized 7.1 – – – – 

2 20% GBS Raw 1.02 3.12 1.75 8 11.26 [4] 

Stabilized 1.25 3.38 1.88 12 12.29 

3 12% GBS Raw 1.18 8.14 1.72 11 17 [7] 

Stabilized 1.48 16.5 1.79 9.9 13.1 

4 12% GBS Raw 1.34 – 1.6 22 18.4 [32] 

Stabilized 2.6 – 1.63 19.8 14 

of blast furnace slag in the world was 430 million tons. It’s approximated to have 
produced 0.3–0.5 tons of slag per ton of pig iron. [19]. The addition to NaOH results 
in the formation of a cementitious compound, thereby increasing the UCS value as 
the proportion of GBS increases [7]. Pathak and Panday observed the PI and OMC 
values decrease while MDD increases with the addition of GBS. Even though there is 
improvement found in the soil on the addition of GBS, the values are not noteworthy. 
The study concludes GBS is a latent hydraulic material that requires an activator to 
disintegrate its glassy stage [32] (Table 3). 

3.4 Cement Kiln Dust 

The highly alkaline, solid, fine-grained industrial by-product extracted from cement 
kiln exhaust gas is referred to as CKD. The manufacturing of each ton of Portland 
Cement produces 54–200 kg of CKD. The global cement production was approxi-
mated to be 4.20 billion tons in 2019 [20]. As the need for cement as a construction 
material grows, vast production occurs, resulting in a large amount of CKD as a by-
product. Thus, the use of CKD as a stabilizing agent becomes a sustainable cause. 
The inclusion of CKD, in various amounts, results in a considerable drop in PI. The 
highest PI decrease was observed with 10% CKD treated soil according to Rimal and 
Poudal [34]. The strength of the CKD stabilized soil increases gradually up to the 
14th day but then increases dramatically by the 28th day. Amadi and Osu concluded 
that there is a delay in strength development during the initial stages of curing due 
to the initiation period required for the pozzolanic interaction between the chemical 
stabilizers and the soil particles to generate cementitious products [9] (Table 4).
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Table 4 The alteration in geotechnical properties of soil due to the addition of CKD 

S. No. % Added Type UCS 
(N/mm2) 

CBR (%) MDD 
(gm/cm3) 

OMC (%) PI (%) Reference 

1 10% CKD Raw 1.531 – 15.2 22.1 20 [34] 

Stabilized 10.156 – 16.9 24.2 – 

2 12.5% CKD Raw – 0.55 1.7 18 81.52 [35] 

Stabilized – 16.5 1.73 20 51 

3 16% CKD Raw 1.1 – – 14.8 38.09 [9] 

+Quarry Stabilized 6.2 – – 13.4 19 

4 15% CKD Raw 0.83 1.65 1.68 20 32.3 [36] 

Stabilized 2.6 8.03 1.72 19.3 15.2 

3.5 Rice Husk Ash (RHA) 

RHA is an agricultural by-product obtained from the burning of rice husk. With 
agriculture providing a living for more than half of India’s population, the country 
produces around 120 million tons of rice paddy each year, resulting in 24 million tons 
of rice husk per year [16]. Liu observed that the swelling properties can be hugely 
reduced by increasing RHA content with CCR as a secondary additive [10]. On 
increasing the proportion of the RHA, the OMC increases which is due to the elevation 
in mix proportion and lowering in the quantity of free silt [21]. There is as much as 
3.1 times increase in strength of soil mixed with 15% RHA after curing for 28 days 
[10] (Table 5). 

Table 5 The alteration in geotechnical properties of soil due the addition of RHA 

S. No. % Added Type UCS 
(N/mm2) 

CBR (%) MDD 
(gm/cm3) 

OMC (%) PI (%) Reference 

1 12% Stabilized 1.1 – 1.925 13 – [16] 

RHA Raw 1.52 – 1.921 13.2 – 

2 10% Stabilized 1.02 3.12 1.75 8 11.26 [4] 

RHA Raw 1.07 3.29 1.67 8 31.56 

3 15% Stabilized 0.9 – 1.47 – – [10] 

RHA + CCR Raw 3.2 – – – – – 

4 10% Stabilized 1.5 6.5 1.64 17 12.2 [21] 

RHA Raw 1.68 12 1.56 20 10
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4 Conclusion 

An overview of various research papers on industrial waste used as stabilizing agents 
is presented in this paper. The majority of the industrial waste was found to improve 
certain soil geotechnical properties. However, the improvements found on the use 
of industrial waste as an additive were not enough to be recommended for use. For 
remarkable results, most of the papers recommended the use of secondary additives 
like lime, cement, enzymes, or quarry. The following are notable features of certain 
industrial waste and their effects on soil geotechnics or environmental impact. 

• CFA alone does not significantly promote strength; however, combining it with 
lime and cement can lead to noticeable improvements. CFA has certain disad-
vantages, one of which is the fact that transportation is mostly limited to within 
300 km of the Thermal Power Plant. 

• In most of the studies, the use of CS as an additive increases MDD, resulting in a 
lower PI. And due to the ceasing of swell properties, it is found to have improved 
the CBR of the soil. 

• GBS demonstrates improvement in UCS, CBR, and MDD of the soil, but it cannot 
be relied upon alone. As a result, it is recommended to use an activator when 
adding GBS as an additive, because GBS is a latent hydraulic material that requires 
activation to break the glassy phase. 

• In tandem with the ever-increasing demand for cement, the manufacturing of CKD 
as a by-product has also increased. The presence of CKD as a stabilizing agent is 
shown to reduce the PI significantly. And most of the improvements in strength 
occur around the 28th curing day of being stabilized with CKD. 

• India being an agriculture dominant society. RHA is one of the most vastly avail-
able by-products in every part of the country. The use of RHA alone does not 
result in significant increases in UCS value, but the inclusion of compounds such 
as CCR results in a significant rise in value. 

A lack of systematic and independent research articles made it difficult for this 
paper to come to a valid conclusion. It was found that all industrial wastes improved 
the quality of soils up to a certain extent through better economic and environ-
mental efficiency. This paper identifies a future need of the research on the protocols 
of obtaining the waste for public utilization, mass availability of materials, in situ 
engineering properties, durability, and sustainability issue of the industrial waste 
stabilized soil. 
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1 Introduction 

The significance of road infrastructure in every country’s social and economic growth 
is critical. As of April 2019, India has the world’s second-largest road network, with 
142,126 km of national roadway. The two elements of road development are the 
construction of new roads and the maintenance and preservation of existing highways. 
To maintain a high level of quality, it is essential to do preventative maintenance on 
road pavements before they are irreparably damaged. According to studies, timely 
preventive maintenance of any road may save money and prolong the life of the 
pavement [1]. 

Microsurfacing is a kind of cost-effective and environmentally friendly pavement 
preventative maintenance method that has become a popular sustainable technology. 
Microsurfacing is most often utilised in flexible pavement, although it may also 
be used in stiff pavement with minor changes. Microsurfacing is the process of 
applying a combination of crumpled mineral aggregate, mineral filler, water, and a 
hardening-controlling agent to an asphalt emulsion. In a semi-liquid condition, this 
mixture is applied using specialised paving equipment [2]. When the combination 
is applied, it undergoes a chemical transformation and settles rapidly, resulting in a 
uniform layer of thick cold mix material that allows traffic to resume in two hours. 
The microsurfacing mix cures and advances strength over time as an outcome of the 
chemical interaction between the rapid-setting emulsion and the aggregate surface. 
By adsorbing on the aggregate surface, the emulsifier creates a lipophilic surface.
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By flocculating on the aggregate surface and dislodging water, the asphalt droplets 
form a layer around the aggregates [3]. 

Despite the fact that microsurfacing behaviour is known to be reliant on its compo-
nents, few studies have looked at how to measure micro surfacing behaviour during 
mix design. Several aspects must be allocated during mix design, including emulsi-
fier dosage, asphalt type, solvent, filler features, and mineral filler category and dose. 
Several studies have shown that there is a small microsurfacing behaviour which may 
be significantly altered by changes in microsurfacing components such as aggregate 
gradation, emulsion, additive, and filler [3]. Due to complex chemical interactions, 
mixing microsurfacing has proved to be a challenging process, and forecasting the 
behaviour of microsurfacing mix has proven to be problematic. Even the ASTM and 
ISSA microsurfacing mix design methods explicitly indicate that they should only 
be used as a reference for mix design [4]. 

Microsurfacing is one of many preventative maintenance methods that are gaining 
popularity these days as a result of its environmentally friendly nature and signif-
icant benefits in mending pavement surface conditions. Microsurfacing has been 
subjected to a life cycle analysis, which clearly shows that it outperforms all other 
PM methods in terms of environmental performance. Microsurfacing has the lowest 
energy usage, saving about 40% more energy than hot mix overlay, according to the 
BASF Corporation’s eco-efficiency study [5]. 

2 Motivation and Objective 

The study’s goal is to better comprehend microsurfacing mixing technique and crit-
ically evaluate material optimisation for microsurfacing. What effect does changing 
a component of microsurfacing have on its performance, and what is the optimal 
amount of each parameter to employ to increase efficiency of microsurfacing 
treatment? 

This article also encourages readers to learn about microsurfacing life cycle 
evaluation as well as its analysis and environmental effect. 

The primary goal of this research is to examine many aspects of microsur-
facing mix design, such as its environmental impact, components of microsurfacing, 
mix process difficulties, and advantages and disadvantages compared to alternative 
pavement treatments. 

3 Advantage of Microsurfacing 

When utilised for both pavement preservation and preventive maintenance, microsur-
facing offers a number of benefits over conventional PM methods. It is a tried-and-true 
technique for resurfacing as a wearing course [6].



Characterisation of Microsurfacing Mix Design: A Review 253

• It is less costly when compared to the hot mix treatment. 
• A smooth surface that does not interfere with the existing profile. 
• Prevents pavement deterioration due to oxidation induced by polymer emulsion. 
• It slows the occurrence of failures. 
• Lessens the amount of maintenance that has to be done on a regular basis. 
• The route may be open to traffic in two hours with little damage to current road. 
• There will be no problems with drainage. 
• The mixing and laying are both done at the same time. 

4 Disadvantage of Microsurfacing 

• Bituminous microsurfacing cannot use if the road surface or air temperature is 
below 10 °C and dropping. 

• Microsurfacing is not done while its raining or the air temperature is anticipated 
to dip lower than freezing within 24 h after use. 

• Bituminous mix may be used when the road surface and air temperatures are 
beyond 7 °C and increasing, or over 10 °C. 

• If the surface or air temperature is less than 10 °C, microsurfacing should be 
halted. 

5 Mix Design Practice for Microsurfacing 

According to the literature study, the optimum amount of each component should be 
used to guarantee microsurfacing durability. Various standard values for microsur-
facing mix design have been developed by ISSA and MoRTH. 

5.1 Material Selection 

Aggregate attributes such as mineralogical structure, clarity, clay percentage, sound-
ness, corrosion resistance, and reactivity have a main impact on the breaking 
procedure and performance due to the rapid-setting features of microsurfacing mix. 

In microsurfacing mixes, cationic emulsions are frequently used. The composition 
of the constituents employed in its making, such as emulsifier variety and amount, 
total acidity, binder type, and content, determines the emulsion’s properties. Emulsion 
is a thermally recursive system that is unstable because to high interfacial pressure 
between the bitumen and water phases [3]. 

Mineral filler, like aggregates and emulsion, contributes to the efficacy of micro-
surfacing by ensuring adequate fracture and crack resistance, mastic stiffness, and 
segregation reduction.
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Table 1 Physical properties of aggregate 

Test Test method Specifications 

AASHTO ASTM 

Sand equivalent value of soils T176 D 2419 45 minimum 

Soundness of aggregate by using 
sodium sulphate or magnesium sulphate 

T104 C 88 15% maximum w/NA2SO4 
25% maximum w/MgSO4 

Resistance to degradation of small size 
coarse aggregate by abrasion and impact 
in the Los Angeles machine 

T96 C 131 35% maximum 

As specified by the ISSA and MoRTH, other components, such as water filler, 
are also used with these components. Several kinds of materials, such as fly ash, 
rubber powder, and waste material, may be utilised to enhance the engineering 
characteristics of microsurfacing, according to a literature review. 

Different specification like MoRTH, ISSA, IRC:SP:100-2014 AND, IRC:SP:81-
2008 are used in microsurfacing mix design. 

5.2 Aggregate Gradation 

The aggregate should be crumpled stone, such as granite, sandstone, chat, or another 
high-quality material, or a combination. The smooth textured crusher fines must have 
a water absorption rate of less than 1.25%. The aggregate must be grey in colour, 
devoid of organic waste, other hazardous elements, and clay balls, and it must be 
clean. 

The aggregate gradation in the mix must be any of the types listed below. 
Class I: aggregates are designed to fill surface gaps, repair minor surface distresses, 

and provide weather protection. Fracture penetration is feasible due to the fineness 
of this combination. 

Class II: aggregate is used to fill surface cracks, repair more serious surface 
distresses, seal, and produce a long- lasting wearing upper surface. 

Class III: This gradation of aggregate offers the best skid resistance and durability. 
This surface is suitable for severely travelled pavements, rut filling, and usage on 
extremely textured surfaces when bigger aggregate is required to fill gaps [6]. 

If there is too much granular material or clay balls, the task will be stopped, and 
aggregate follows some physical properties standards as shown in Table 1. 

5.3 Emulsion 

The strength of microsurfacing is determined by the asphalt binder [7].
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Emulsion is a two-phase arrangement with asphalt and water as the discrete 
and constant phases, respectively. In the manufacture of emulsion, bitumen, water, 
emulsifiers, additives, solvents, bond boosters, and either CaCl2 or NaCl, are often 
used. 

Cationic emulsions are the most common cationic emulsions used in microsur-
facing mix creation. It is typically found in a neutral basic form that has to be acidified 
to become water soluble and positively charged [8]. 

5.4 Mineral Filler and Additive 

Mineral filler may improve homogeneity and change the breaking and curing prop-
erties of a mixture. Portland cement, hydrated lime, sandstone dust, fly ash, or any 
appropriate filler that satisfies ASTM D 242 requirements must be followed if the 
mix plan asks for it. 

Additives are also utilised in the design of microsurfacing mixes to speed up or 
slow down the mixing process, depending on MoRTH. 

To improve the characteristics of a microsurfacing mix, mineral fillers such as fly 
ash, Portland cement, industrial waste, rubber powder, and fibres may be used. 

5.5 Mixing and Compaction 

The microsurfacing mix may be prepared either onsite or in the field. 
The availability of resources and transportation choices is the main determinants. 

The mixing procedure should be identical to that performed in the laboratory. Micro-
surfacing mixture should be produced in a concrete drum mixer and laid by hands to 
the requisite thickness since microsurfacing pavers cannot be used in rural India due 
to a lack of finances. On a country road, there are several different types of mixing 
that  may be used [6]: 

• Mixing in batches, 
• Continuous blending, 
• Mixing by hand. 

5.6 Effect of Variation of Components on Mix Properties 

To increase the efficiency of microsurfacing mix design, a lot of literature review 
has been done and with different component behaviours of microsurfacing mix have 
been analysed.
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Different components impart different properties in the microsurfacing mix, and 
hence, to analyses the change in microsurfacing, different parameters of microsur-
facing mix such as consistency, breaking time, we track abrasion, etc., which were 
analysed. 

The effect of use of different materials in microsurfacing mix can be explained as 
following. 

5.7 Variation in Aggregate Gradation 

With the assistance of reliability analysis, which indicates the likelihood that the pave-
ment will meet the performance requirements throughout the course of its design life? 
A total of ten distinct aggregate gradation combinations were chosen, with the first 
five based on specification limitations and the remaining five created at random using 
Monte Carlo simulation. The overall surface area of aggregates and the inorganic 
filler concentration in the mixture were the main contributors to the variability. Each 
test’s stated limitations were used to perform a reliability study of the test parame-
ters. The dependability of each experiment parameter was determined to be above 
than 90%. The total dependability, which took into account all of the test factors, 
was 73%. When aggregate gradation have a tendency to a lesser specification limit 
was removed, the dependability of the microsurfacing mix satisfying all performance 
criteria rose to 90%. Furthermore, each test parameter’s individual dependability was 
greater than 95%. Microsurfacing blend with a lower total surface area and lower 
mineral filler percentage should be avoided throughout the manufacturing phase of 
microsurfacing mix to guarantee better dependability [9]. 

5.8 Use of Fly Ash in Microsurfacing 

Fly ash is a common industrial waste that may be utilised to replace cement in 
microsurfacing mixes at a lower cost. When fly ash was added to microsurfacing 
mix, substantial technical and economic advantages were discovered, as seen in 
Fig. 1.

The findings indicate that fly ash is more active than cement, which is beneficial 
when microsurfacing is done at low temperatures. Furthermore, since fly ash has a 
greater activity than cement, it requires fewer additives. 

When the initial aggregate mixture has a high amount of filler, this has a beneficial 
impact on the total filler content. As a result, the fly ash by-product, which has 
a significant environmental impact, may be utilised as a substitute for cement in 
microsurfacing. Fly ash lowers the total cost of microsurfacing [10].
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Fig. 1 PFA and OPC behaviour

5.9 Use of Rubber Powder 

Because the practice of rubber powder in the microsurfacing is a relatively recent 
research in the area of microsurfacing, only a few literature reviews have been 
conducted. The International Slurry Surfacing Association’s ISSA A143 require-
ment was used to evaluate the performance of microsurfacing mixes with various 
quantities of crumb rubber. As a substitute for aggregates, 0.5–3% crumb rubber with 
a grain magnitude of maximum 0.33 mm was utilised. The rubber powder utilised 
in this research contains six distinct quantities, which are employed with two kinds 
of grading, passing through 50 and 100 sieves. Table 2 shows the chemical makeup 
of rubber powder [11]. 

The 14% bitumen blend with 0.5% crumb rubber produced the greatest results 
among various quantities of rubber powder, and using this quantity of crumb rubber 
decreased the quantity of optima.

Table 2 Component used in 
mix 

Material Percentage (%) 

Rubber 55 

Carbon black 30 

Textile 2 

Sulphur 1 

Oxidize zinc 1 

Additive 11 
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5.10 Use of Waste Material in Microsurfacing Mix 

The cost of microsurfacing mix design may be effectively lowered by using waste 
material. Waste materials such as pulverised fuel ash (PFA), red porphyry sand, arti-
ficial aggregates, steel slag, crumb rubber, and smashed glass were used in this 
research. Plastic cells were shown to substantially decrease shear distortions of 
CBEMs under loading throughout their early lifetimes, according to the findings. 
Plastic grids in the top layer of a two-layer cold mix structure proved to be highly 
promising, and the addition of 1–2% cementation materials was shown to be crit-
ical for enhancing CBEM performance. Steel slags may be hazardous when used as 
coarse aggregate in CBEMs. Throughout a 40’C curing regime, cracks were found 
in samples containing steel slag, which were thought to be produced by the volume 
growth of the steel slag under wet circumstances [12]. 

5.10.1 Validation of Filler Using Machine Learning 

Machine learning methods are utilised in this research to forecast different amounts of 
substitute filler used in microsurfacing mix composition. SVM, ANN, and isotonic 
regression are used to forecast the compositions of unconventional fillers such as 
copper slag, fly ash, and high calcium fly ash. Mixing time, cohesion (30 min), 
cohesion (60 min), set time, and wet track abrasion loss are all utilised as experimental 
inputs to determine the appropriateness of each trial mix. 

The results indicate that the lowest and highest values of all the fillers determined 
experimentally were 0% and 4%, respectively. For the prediction of microsurfacing 
mix composition, Table 3 provides the least and extreme values of inputs, as well as 
different filler compositions [13]. 

Table 3 Result of machine learning technique 

Filler composition 
loss (%) 

Mixing time 
(sec) 

Cohesion (30 
min) kg.cm 

Set time (sec) Wet track 
abrasion loss 
(g/m2) 

Min Max Min Max Min Max Min Max Min Max 

Fly ash 0 4 156 667 2 26 234 1067 347 841 

High 
calcium 
ash 

0 4 45 566 5 29 72 906 201 695 

Copper 
slag 

0 4 57 578 3 27 91 925 221 715
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6 Challenges in Microsurfacing Mix Procedure 

It is difficult to anticipate the behaviour of microsurfacing mix because of the chem-
ical complexity of the emulsion employed in it. To understand the behaviour of 
microsurfacing mix with different components such as filler, water, additive, and 
asphalt type, a lot of literature review was done, and to analyse the behaviour of mix, 
different types of tests such as consistency test, wet track abrasion test, and cohesion 
test were performed. Balling, raid breaking, inconsistent setup, and other issues were 
discovered in the. 

Nishant Bhargava and his colleagues replaced the filler to solve the problem of 
pre-mature breakage, which was caused by the aggregates’ high reactivity. Following 
that, a cohesion test was used to govern the kind and dose of filler. Surprisingly, the 
arrangement of cement (2%) and fly ash (1%) produced the greatest cohesiveness, 
showing the advantages of including waste materials with pozzolanic properties into 
the mix. 

They concluded that the fast breaking may be due to one or more of the factors 
mentioned below. 

• Emulsifier interaction, 
• Inadequate emulsifier quantity, 
• Compatibility of filler with emulsion. 

According to their research, using a greater emulsifier dose caused an interruption 
in the curing procedure, which led in poor cohesiveness, ravelling, and rutting resis-
tance. Ravelling resistance was also shown to be influenced by the solvent used. The 
OEC was defined as the midpoint of the acceptable emulsion content range, which 
in this research was determined to be 14% by dry mass of aggregates [3]. 

According to Dr. Rajiv Kumar and Dr. Teiborlang Lyngdoh Ryntathiang, there is 
no precise technique of mix design for microsurfacing at this time. Even the ISSA and 
ASTM methodologies explicitly declare that they are only to be used as a guide. And, 
the issue of balling is still evident in all prior techniques of combining microsurfacing. 
As a result, they developed a novel laboratory technique for the microsurfacing mix 
process that is based on performance rather than experience. For their research, they 
look at the aggregate gradation types II and III [4]. 

They used the ISSA consistency test to evaluate the performance of a combination 
with different water and emulsion levels as shown in Fig. 2. Using 400 g of aggregate 
at room temperature, the best emulsion, and various water concentrations, many 
experimental mixes were created.

They also performed a modified marshal test on the mix to determine its flow 
characteristics. 

According to their findings, this technique produces acceptable results, and the 
issue of balling in the microsurfacing mix has been substantially minimised. The 
required consistency for type II and type III is found in the ranges of 18 to 20% 
emulsion content and 14 to 16% emulsion content, respectively.
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Fig. 2 Consistency test

7 Life Cycle Assessment and Environmental Impact 
of Microsurfacing 

Because of its environmentally benign nature, microsurfacing is gaining a position 
in pavement preservation methods. Because it is a kind of cold mix pavement preser-
vation method, it has a far lower environmental effect than a hot mix pavement 
rehabilitation process. 

Because they provide substantial benefits in recovering pavement surface condi-
tions, microsurfacing and asphalt overlay are currently regarded the major PM 
methods in developing maintenance programmes. Mulian Zheng and his colleagues 
conducted a thorough examination of microsurfacing life cycle evaluation. It has been 
discovered that microsurfacing treatment can be utilised for early type preventive 
maintenance and double-layered microsurfacing may be used for mid-type preventive 
maintenance [14]. 

For their research, they used a 1 cm microsurfacing layer and a total pave-
ment surface of 1000 m2. Mixture production, mixture transportation, construction, 
maintenance, and end of life are the six stages of maintenance method that they 
examine. 

Ozone depletion (OD), global warming (GW), photochemical smog formation 
(PSF), acidification (AC), eutrophication (EU), human health carcinogenic (HHC), 
human health non-carcinogenic (HHN), human health particulate (HHP), eco-
toxicity (EC), and fossil fuel depletion are some of the factors that have an impact on 
the environment (FFD). In addition, the total embodied energy (TEE) was included 
in this LCA analysis [14]. 

With their life cycle assessment studies, they discovered that microsurfacing had 
a significant influence on environmental protection, with an overall impact score 
improvement of more than 50%. Diesel, with a value of 325.4 kg, was determined 
to be the second greater contributor to microsurfacing.
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With Fig. 3, we can understand the contribution of microsurfacing in different 
types of environment pollution. 

Figure 4 explains how microsurfacing contributes to different types of pollution at 
its different stage of life. We can conclude from here that microsurfacing contributes 
good amount in pollution at its later stage of life. 

The LCEI produced by microsurfacing was determined to be the least. Micro-
surfacing has a considerable environmental performance, according to the find-
ings. Furthermore, as a method for middle-PM, the composite seal outperforms the 
ultra-thin asphalt overlay in terms of environmental performance. 

Takamura et al. examined the environmentally beneficial approach of microsur-
facing in 2001 and found that microsurfacing is further “environmentally friendly”
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Fig. 3 Contribution of microsurfacing in different pollutions 
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than a hot mix overlay [15]. This is due to less material being utilised, less material 
transportation, and fewer total emissions throughout the treatment’s lifetime. Future 
advancements in microsurfacing technology, according to the research, may result 
in significant economic and environmental benefits. He evaluated the environmental 
effect of microsurfacing to that of HMA and modified hot mix asphalt. For each of 
the three options, energy consumption, possible health consequence, and the risk of 
accident and misapplication are calculated as shown in Fig. 5. Microsurfacing exhib-
ited a smaller environmental “footprint” when all variables were taken into account, 
as illustrated in Fig. 5 [16]. 

In this Fig. 6, the environmental effects of three pavement preservations and 
maintenance procedures are compared, and it can be determined that microsurfacing 
has a lesser environmental impact than the other two options. 

Estimated air emissions that may cause global warming, acid rain, and photo-
chemical ozone formation are shown in the graph as tonnes of CO2-equivalents, kilo-
grammes of NO2 equivalents, and kilogrammes of ethane equivalents per lane mile
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per year of treatment life, respectively. Microsurfacing has the least environmental 
effect of these three PM methods. 

Although the environmentally benign aspect of microsurfacing is one of the 
primary reasons for its growing popularity across the globe, research indicates that 
the majority of maintenance professionals do not consider environmental effect when 
developing microsurfacing projects. 

8 Summary and Conclusion 

Microsurfacing is a relatively recent pavement maintenance technology that may 
be employed in the early stages of pavement degradation. Microsurfacing is a road 
surface maintenance and preservation technique with minimal technological and 
operational constraints. These conclusions may be drawn from this research. 

• While preventative maintenance programmes offer a number of benefits, their 
implementation needs a shift in mindset and prudence in terms of monitoring and 
programming in order to choose the appropriate moment for intervention. 

• Periodically, the study of treatment scheduling should be revisited in the light 
of industry developments that influence both treatment cost and performance. 
Modifications to the optimal time of therapy administration may have an effect 
on the cost–benefit analysis. 

• The addition of various components such as rubber powder, fly ash, a new kind 
of emulsion, or waste material may substantially change the characteristics of 
the mix, even if they are added in a tiny amount. When used properly, this addi-
tion may help decrease the cost of microsurfacing mixes but may degrade the 
mix’s performance. Gradation of aggregates has a significant effect on the final 
characteristics of microsurfacing mixes. 

• There is currently no standard technique for microsurfacing mix procedures, and 
therefore, the process used is dependent on experience. Thus, a suitable mix 
technique should be established for the microsurfacing mix design in order to 
resolve issues such as balling, fast breaking, and so on. 

• Why microsurfacing is more environmentally friendly than hot mix overlays. This 
is because less material is utilised, less material is transported, and total emissions 
are reduced throughout the treatment’s life. Additionally, the research indicates 
that future advancements in microsurfacing technology may result in significant 
economic and environmental benefits. 

• When compared to a hot mix method, microsurfacing has a reduced overall 
environmental effect.
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9 Future Recommendations 

The following summarises the future research needs identified in the examined 
literature. 

• Developing an appropriate mix approach for microsurfacing mix design that is 
research-based rather than experience-based. 

• Evaluating the impact of external conditions on the moistness loss, ravelling, 
rutting resistance of microsurfacing mixes, including curing time, temperature, 
moisture [8]. 

• Entire life cycle agency and user costs are analysed in more detail to determine 
the sustainability of PM methods and planning, which is essential for the creation 
of sustainable pavement management. 

• Additional field tests should be performed to ascertain the real behaviour of micro-
surfacing mixes produced with the same kinds and amounts of asphalt emulsion 
and aggregates as in this research. 

• The absence of rigorous field tests based on rational quantification of quantifiable 
microsurfacing properties prompts the suggestion that research be conducted to 
develop a suite of field tests that enable an inspector to test the microsurfacing 
mix after it has been laid, as well as tests to determine when the mix has cured 
sufficiently to allow traffic to pass without damaging it. 

References 

1. J. Masarova, Importance of road infrastructure in the economic development and competitive-
ness. https://doi.org/10.5755/j01.em.18.2.4253 

2. S. Labi, K. Sinha, J. Transportation, W. Lafayette, S. O. Building, F. Report. 7(2) (2003) 
3. N. Bhargava, A.K. Siddagangaiah, T.L. Ryntathiang, Systematic approach to address challenges 

in microsurfacing mix design. Constr. Build. Mater. 270, 121759 (2021). https://doi.org/10. 
1016/j.conbuildmat.2020.121759 

4. R. Kumar, T. L. Ryntathiang, New laboratory mix methodology of microsurfacing and mix 
design. Transp. Res. Proc. 17, 488–497 (2016). https://doi.org/10.1016/j.trpro.2016.11.098 

5. C. Drive, F. Park, in Submission for Verification of Eco-efficiency Analysis Under NSF Protocol 
P352 , Part B Walltite ECOTM Insulation Air Barrier and Vapor Barrier System Eco-Efficiency 
Analysis February 2010 Submitted by (2010) 

6. R. Kumar, I. I. T. Guwahati, in Rural Road Preventive Maintenance with Microsurfacing Rural 
Road Preventive Maintenance with Microsurfacing (2015) 

7. Y. Luo, K. Zhang, X. Xie, X. Yao, Performance evaluation and material optimization of micro-
surfacing based on cracking and rutting resistance. Constr. Build. Mater. 206, 193–200 (2019). 
https://doi.org/10.1016/j.conbuildmat.2019.02.066 

8. N. Bhargava, A. K. Siddagangaiah, T. L. Ryntathiang, State of the art review on design and 
performance of microsurfacing (2020). https://doi.org/10.1080/14680629.2019.1607771 

9. N. Bhargava, A. K. Siddagangaiah, Reliability of microsurfacing mix subjected to variation in 
aggregate gradation (2020). https://doi.org/10.1177/0361198120948855 

10. R. Rutherford, No the use of fly ash as a substitute of cement in microsurfacing A. Encycl. 
Volcanoes., 662, 2000 (1995)

https://doi.org/10.5755/j01.em.18.2.4253
https://doi.org/10.1016/j.conbuildmat.2020.121759
https://doi.org/10.1016/j.conbuildmat.2020.121759
https://doi.org/10.1016/j.trpro.2016.11.098
https://doi.org/10.1016/j.conbuildmat.2019.02.066
https://doi.org/10.1080/14680629.2019.1607771
https://doi.org/10.1177/0361198120948855


Characterisation of Microsurfacing Mix Design: A Review 265

11. E. Hesami, A. Ataollahi, V. Sadeghi, Performance evaluation of microsurfacing with rubber 
powder (2020), pp. 1–18. https://doi.org/10.1177/0892705720930760 

12. I. N. A. Thanaya, Improving the performance emulsion of cold bituminous (CBEMs) 
incorporating waste. Univ. Leeds Sch. Civ. Eng. (2003) 

13. R. Gujar, V. Vakharia, Prediction and validation of alternative fillers used in micro surfacing 
mix-design using machine learning techniques. Constr. Build. Mater. 207, 519–527 (2019). 
https://doi.org/10.1016/j.conbuildmat.2019.02.136 

14. M. Zheng, W. Chen, X. Ding, W. Zhang, S. Yu, Comprehensive life cycle environmental 
assessment of preventive maintenance techniques for asphalt pavement. Sustain. 13(9) (2021). 
https://doi.org/10.3390/su13094887 

15. K. Takamura, in Applications for Asphalt Modification, vol. 7. (2002), pp. 301–327 
16. K. Takamura, P. Lok, Microsurfacing for preventive maintenance : eco-efficient strategy 

microsurfacing for preventive maintenance : eco-efficient strategy (2014)

https://doi.org/10.1177/0892705720930760
https://doi.org/10.1016/j.conbuildmat.2019.02.136
https://doi.org/10.3390/su13094887


A Review on Microstructural Properties 
of Concrete Incorporating Different 
Mineral Admixtures 

Ashish Choudhary, Kanish Kapoor, S. P. Singh, and Paramveer Singh 

1 Introduction 

To increase the quality of the concrete, various mineral additives such as fly ash 
(FA), silica fume (SF), blast furnace slag (GGBS), and metakaolin (MK) are used, 
each of which has a distinct effect on the characteristics of the concrete. Mineral 
admixtures’ reported benefits are frequently linked to concrete’s curing properties; 
however, they can also affect the characteristics of wet cement between mixing and 
curing in one or more of the following ways: they can affect water needs, and so on. 
There is a scarcity of literature that describes the impact of various mineral additions 
on concrete structural characteristics. Mineral additives’ impact on the mechanical 
and durability characteristics of concrete has piqued researchers’ curiosity. The char-
acteristics of new concrete are critical since they can impact the concrete’s durability 
and mechanical capabilities. the impact of slag sand and fly ash on the hydration of 
new cement paste [1], the effect of silica dust (SF), metakaolin (MK), fly ash (FA), 
and slag sand (GGBS) on the setting times of high-strength concrete [2] The purpose 
of this article is to explain the background, production, and reactivity of mineral 
additives in ordinary Portland cement. Fresh concrete has several unique properties 
were also discussed.
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2 Background 

In 1934, Powers and Macmillan were among the first to utilise fly ash in concrete 
[3]. Fly ash (FA) or powder fuel ash (PFA) is a pozzolanic ingredient that may be 
transported and makes stronger, less porous concrete. This pozzolanic substance was 
initially characterised as a hazardous alkaline reaction modifier (ASR) by Blanks in 
1949 [4]. The amount of alkali accessible in fly ash concrete is generally larger than 
in non-fly ash concrete, indicating that fly ash helps to inhibit the alkaline silica 
reaction [3]. 

Emil Langen developed GGBS in Germany in 1862; nevertheless, commercial 
manufacture and usage of GGBS began in Germany in 1865 [5]. Around 1880, 
GGBS was first used as a partial replacement in Portland cement (PC). It has now 
been adopted in a number of European nations. 

In 1947, Norway became the first country to manufacture silica fumes. When 
the oven exhaust is filtered, it is referred to as smoke. The majority of these steams 
include a significant proportion of extremely fine silica particles. The filtering of 
the gas begins. The first standard on the use of silica fume in industrial cement, NS 
3050, was issued in 1976, and there is a large body of literature on silica fume and 
silica clay [5]. It’s a high- grade substance that’s utilised in the cement and concrete 
industries. Due to the tiny particles of quartz fume, it has been observed that when 
SF is added to concrete at a concentration of 8–10 wt% cement, the concrete mixture 
becomes more thick and coherent [3]. 

Metakaolin is an amorphous silica substance produced by calcining kaolin at 
temperatures ranging from 600 to 850 degrees Celsius [6–9]. Kaolin is a natural 
material whose chemical and mineral makeup is heavily influenced by the rock 
from which it was produced [10]. Kaolin is whitish clay that disintegrates feldspar 
spontaneously. It’s mostly utilized in the production of porcelain and as filler in 
papers and fabrics [5]. 

3 Manufacturing 

Fly ash is created when coal is burnt at a temperature of 16,000 °C to generate energy 
[11]. This burning also produces non- combustible elements, such as silicon dioxide 
(SiO2), aluminium oxide (Al2O3) and iron oxide (Fe2O3), which combine to create 
glass spherical droplets as well as other trace elements. There are two forms of fly ash, 
as per ASTM C 61,805, based on the carbon source. Anthracite coal, which includes 
silicon and possesses pozzolanic characteristics, is used to make Class F fly ash. 
Heating lignite and sub-bituminous coal produces Class C fly ash, which includes 
lime and has a high MgO concentration. Class C fly ash has a lighter colour and is 
more prone to swelling, and its high temperature resistance has yet to be confirmed 
[12, 13].
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Calcium silicate and aluminosilicate, which are by-products of blast furnaces in 
the metallurgical sector, are also found in GGBS. Granulation and pelletization, are 
the two methods that may be utilised to create GGBS. During the grinding process, 
slag is introduced. The high-pressure water jet weir may swiftly cool the slag into 
granules with a diameter of 5 mm; nevertheless, the molten slag is pumped into a 
spinning drum filled with cold water during the granulation process. The molten 
slag in the drum is swiftly cooled by external air and water. This method generates 
100 mm particles whereas, GGBS is made with particles that are smaller than 6 mm. 
GGBS with a glassy matrix may be made using these two methods [5]. 

During the silicon manufacturing process, silica vapour is produced a by- product 
of high-purity quartzite and coal heated up to 2000 °C in an electric furnace. Exhaust 
gas and SiO are oxidized and condensed to create very small spherical micro-silica 
particles, which are extremely reactive with Ca(OH)2 produced during cement hydra-
tion [5]. Silica fume has pozzolanic characteristics and is made up of very tiny 
particles with an average diameter of 0.1 m [12, 13]. 

When heated to 600–850 °C, kaolin transforms into metakaolin [6–9]. MK is a 
highly reactive pozzolana, but its physicochemical characteristics are influenced by 
the raw resources used and the temperatures at which it is calcined and refined [5]. 
The temperature and time of calcination are determined by the mineral content of 
the raw ingredient kaolin [8, 9]. 

4 Reactivity of Mineral Admixtures with Ordinary 
Portland Cement 

Cabrera and Plowman discovered in 1987 that calcium hydroxide, also known as 
lime, uses up with time. When fly ash is mixed with cement, it begins to gain strength 
over time when compared to conventional Portland cement concrete; nevertheless, 
despite the lime decrease, there is not enough lime present to maintain a high pH. It 
is crucial to note that the goods that arise from the inclusion of fly ash are not the 
same as the products that come from the use of OPC concrete. Fly ash generates an 
extremely thin pore structure over time, assuming that water is available to keep the 
hydration going [5]. To begin the reaction, a pH of 13 and a temperature of 200C 
with lime are necessary to decompose the Si–O–Si bond in fly ash [14]. 

Fly ash, in which the Si–O–Si link must be broken, is excessively reactive with 
lime, whereas GGBS must be activated in order to react with lime. In the presence 
of activators, GGBS, which has a glass-like structure, interacts slowly with water. 
Sulphates or alkalis are commonly used as activators, and they react chemical with 
the GGBS. These activators cause the system’s pH to rise by disrupting the crystal 
structure. GGBS, unlike fly ash, requires a pH level of less than 12. Ca(OH)2 is 
generated in concrete as a result of cement hydration and acts as an accelerator [14]. 

As a cementitious substance, SF interacts with Ca(OH)2, and at 28 days, around 
25–30% of SF may consume the majority of the calcium hydroxide. This is critical
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because Ca(OH)2 crystals are very weak, non-cementitious and fractures can readily 
form near areas where Ca(OH)2 crystals are concentrated [15]. 

Kaolin undergoes a transition from crystalline to amorphous during the calcination 
process. The activity of additives influences the amount as well as the kind of amor-
phous phase [16]. Chemical activity and the micro filler effect are two aspects that 
make up the activity of additives. Dehydroxylation of kaolinite at atmospheric pres-
sure results in a mass loss of 13.76%, converting SiO22Al2O32H2O to SiO22Al2O3 

[17]. It has also been observed that kaolin entirely transforms to the amorphous phase 
following dehydroxylation at 5700C, and that formation is a linear function of amor-
phous phase concentration in the range of 50–100% [17]. In terms of pozzolanic 
activity, metakaolin with less than 20% amorphous phase content can be termed 
inert materials [17]. The activity strength index in MK has also been impacted by 
amorphous phase contents, although there is no rise in activity strength index when 
the amorphous index exceeds 55% [17]. 

5 Properties of Fresh Concrete on Different Mineral 
Admixtures 

Bleeding—Gebler and Klieger reported in 1986 [18] that concrete containing fly ash 
bled less than regular concrete. Furthermore, concrete with Class C fly ash bled less 
than concrete with Class F fly ash. The reduced bleeding is attributable to the larger 
surface area of fly ash particles and the decreased water content of fly ash for a given 
workability [11]. Concrete with silica fume, on the other hand, does not bleed [19]. 
Similarly, using metakaolin as a substitute for cement in new concrete decreases 
bleeding [5]. 

Reactivity—the Chapelle test is used to assess the reactivity of pozzolana. This test 
is carried out by reacting calcium hydroxide with diluted slurry of pozzolana at 950 °C 
for 18 h. After the reaction, the amount of calcium hydroxide used is calculated. 
Largent presented the findings in 1978 [20], demonstrating that metakaolin had a 
greater reactivity than other pozzolanic compounds. Despite this, MK lowers the 
calcium hydroxide content in concrete while keeping the pH constant [21]. 

Setting Time- In the case of fly ash, the setting time of concrete is affected by 
the air temperatures, cement ratio, and chemical composition of the fly ash [11]. 
Concretes containing Class C fly ash need relatively little water. In Class F fly ash 
concrete, there was no decrease in water. Fly ash concretes showed a little increase 
in setting time [18]. 

Since GGBS slowly reacts with water as compared to Portland cement, therefore 
setting time of concrete is high in GGBS. The setting time will be greater at high 
replacement levels above 50% [5]. Silica fume, having a greater surface area and 
higher silicon dioxide content, is found to be more reactive than fly ash or GGBS. 
The high reactivity increases the hydration rate of the C3S and thus decreases the 
setting time [5].
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The initial and final setting times of concrete with 10% MK are sped up. In 
contrast to 10% MK concrete, a slight reduction in initial setting time is seen when the 
replacement amount is increased to 15% [22]. This might be related to metakaolin’s 
increased water demand at the higher replacement rate. Concrete gets denser as the 
MK content increases, which speeds up the setting time [22]. However, using an 
efficient superplasticizer dose in concrete reduces the water content, which slows 
down the curing period [22]. 

As a result of the comparison of various admixtures, it was discovered that Silica 
fume, fly ash concrete has a different setting time than plain concrete. This might be 
owing to the hydration process in concrete containing silica fume and fly ash speeding 
up after the initial set [22]. Water content, starting and curing temperatures, dose, 
superplasticizer and cement composition all impact the time it takes for concrete to 
set [22]. Increasing the replacement amounts of admixtures in concrete reduces the 
setting time under comparable conditions [22]. 

6 Conclusions 

The following conclusion may be reached based on the review: 

(1) Concrete’s initial and final setting times are influenced by water content, starting 
and curing temperatures, superplasticizer dose and the correct use of chemical 
reactive admixtures. 

(2) The setting time of concrete decreases as replacement levels of chemically active 
minerals additives rise, but it rises as percentage replacement of microfiller 
mineral admixtures rise. 

(3) With correct proportions of all components, all mineral admixtures examined 
decrease bleed in concrete. 
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Evaluation of Mechanical Properties 
of Metakaolin Geo-Polymer Concrete 

Rashmi Pantawane and Pushpendra Kumar Sharma 

1 Introduction 

Geo-polymer concrete is the new age concrete, it is heavily accepted worldwide 
due to its sustainability and eco-friendly properties. It has reduced carbon emission 
content. It includes very less cement content or it has no cement in its manufacturing 
process. It has its properties very familiar to the traditional concrete and performs 
better than the traditional one. 

The extensive industrialization happening in this century is having great demand 
to utilize its by-products or waste products which are dumped, causing hazardous 
dis- tress to the surrounding environment leading to the causes such as ozone layer 
depletion, climate change, global warming, etc. The waste products used in the 
manufacturing of geo-polymer are fly ash, rice husk ash, blast furnace slag which is 
pozzolanic in nature and can be replaced with cement. 

Geo-polymer concrete is basically the mixture of its source materials like 
pozzolanic material which are rich in silica and aluminia, aggregates and activating 
them with the alkaline solutions such as sodium silicates or potassium silicates and 
sodium hydroxide or potassium hydroxide in proper proportions. The reaction leads 
to the process of polymerization, formation of Si–O–Al bonds which is crucial for 
the achievement of strength. 

The significance of using geo-polymer is to reduce the rapid destruction of lime-
stone mines and carbon footprint. To introduce a material which is creating less 
nuisance and can be regularly used in bulk quantity. As there is no proper design 
or code practice for the geo-polymer, it is hence required to find out its mechanical 
properties.
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The mechanical properties are very important for using any construction material, 
as the strength provides an idea about the performance of the material. The most 
important test to determine the mechanical property is the compressive strength. The 
compressive strength determination process is the same as conventional concrete but 
there is a difference in the curing process to the geo-polymeric concrete. It requires 
ambient curing or oven curing. Depending upon the availability, any of the mentioned 
methods of curing can be adopted. 

The concentration of alkali-activated solution influences the compressive strength 
of geo-polymer concrete [3]. Increasing the concentration of sodium hydroxide im-
proves the compressive strength [3]. Usage of metakaolin has been found to have 
high achievement in mechanical properties of geo-polymer [4]. High performance, 
high strength, high grade and lightweight concrete are achieved by using metakaolin 
in geo-polymer [4] (Tables 1 and 2). 

Table 1 Physical properties 
of metakaolin 

Property Value 

Specific gravity 2.60 

Bulk density (g/cm3) 0.3–0.4 

Physical form Powder 

Colour Off-white 

GE brightness 79–82 

D10 <2.0 µm 

D50 <4.5 µm 

Table 2 Chemical 
composition of metakaolin 

Types % by mass  

SiO2 51.52 

Al2O3 40.18 

Fe2O3 1.23 

CaO 2.0 

MgO 0.12 

K2O 0.53 

SO3 0.0 

TiO2 2.27 

Na2O 0.08 

L.O.I 2.01
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2 Specimen Preparation 

Alkaline solution is prepared by dissolving the sodium hydroxide pellets in the water 
to make one litre solution of the required molarity. The ratio of sodium silicate and 
sodium hydroxide solution is taken as 2.5. This prepared solution is stored at room 
temperature for about 24 h before mixing it with other source materials to prevent 
exothermic reaction. 

In this experimental work, the source material used to make geo-polymer was 
meta kaolin clay as binder. Geo-polymer contains 75–80% combined aggregates as 
per mass. The activators used in the study were sodium silicate and sodium hydroxide 
as they are cheaper than the potassium-based activators. The molarity of the sodium 
hydroxide solution prepared was kept in the range of 18. 

Meta kaolin clay and aggregates were first mixed together thoroughly and then 
the prepared alkali-activated solution was added and mixed for about four minutes. 
Flow test, initial setting time and final setting time tests were performed. The prepared 
fresh geo-polymer was then casted into moulds for testing strengths. The specimens 
were compacted three times by tamping rod after placing each layer and vibrated 
using vibrating table. 

Specimens prepared were then placed in the oven for 24 h at 60 °C. After providing 
initial heat curing to the specimens, they were kept in open air till the day of testing. 
In this experimental work both the methods of curing, heat and ambient were used. 
A UTM machine was used to test the compressive strength and tensile strength of 
the specimens prepared (Table 3). 

The mechanical strengths were calculated according to Indian standards. Direct 
compressive load was applied to the specimens of size 150 mm * 150 mm * 150 mm. 
The load at which the specimen shows surface crack was noted down and average of 
three specimens was recorded. Tensile strength was taken by placing the cylindrical 
specimen of size 150 mm in diameter and 300 mm long in a manner that longitudinal 
axis is perpendicular to the load. The maximum applied load indicated by testing 
machine at failure is recorded.

Table 3 Mix design of  
metakaolin-based 
geo-polymer concrete 

Constituents Weight (Kg/ m3) 

Meta kaolin clay 405 

Coarse aggregates 1268.66 

Fine aggregates 683.13 

Sodium silicate 95 

Sodium hydroxide 47 

Water 108.35 
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3 Observations 

See Tables 4, 5 and 6 and Figs. 1, 2 and 3. 

Table 4 Compressive 
strength 

Days Strength (MPa) 

7 42.7 

14 43.6 

28 46.7 

90 51.4 

120 50.6 

Table 5 Split tensile strength Days Strength (MPa) 

7 25.3 

14 26.2 

28 27.4 

90 30 

120 29.5 

Table 6 Flexural strength Days Strength (MPa) 

7 9.4 

14 9.5 

28 10.3 

90 11.3 

120 11.2 

Fig. 1 Compressive strength (MPa) of geo-polymer concrete
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Fig. 2 Tensile strength of geo-polymer concrete 

Fig. 3 Flexural strength of geo-polymer concrete 

4 Conclusions 

From the experimental work done, it can be concluded that meta kaolin geo-polymer 
concrete provides high early strength, it can be due to the heat curing provided-
ed at the early stage. The early strength achieved at 7 days is nearly close to the 
strength achieved at 28 days. There is 83% strength achieved at 7 days. The maximum 
strength achieved by geo-polymer is at 90 days, after which it decreases drastically. 
Geo-polymer concrete can be used where high early strength is required such as in 
retaining walls, pavements and precast construction. 
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Performance Analysis of the Sustainable 
Windows Glazing System for Built 
Environment 

Amit Kumar Dhir and Pushpendra Kumar Sharma 

1 Introduction 

Energy consumption in the buildings is increasing at unmatched pace with its gener-
ation and will reach eight times from 2012 [1], buildings are taking 54% share 
of global scenario and releasing 23% carbon dioxide from global perspective. The 
energy demand will rise enormously and needs to be slow down. Residential building 
sector consumes 25% of the total consumption in India [2]. Thus, the energy demand 
in building section is increased and envelope is responsible for letting the heat and 
light inside the building, windows is the critical component of envelope for major 
heat loss and gain [3]. Thus, it is mandatory to study the energy aspect through the 
glass system that is integrated as windows to resist the heat gain or loss. On the 
other hand, the changing life style demands the bigger size of windows required for 
well-being and comfort to the users [4]. Even the productivity analysis shows the 
betterment in various built environment such as teaching institution and hospitals to 
enhance the productivity at all built environment, nowadays it is must to have larger 
portion of the envelope to be covered by windows [5]. A balance needs to be main-
taining with changing life styles and energy consumption. The impact of windows 
should be carefully studied in terms of light efficiency and thermal comforts [6]. 
Many parameters crucial for the windows such as orientation, climate, choosing the 
optimal and efficient glass as per climatic conditions etc. will be carefully designed 
along with energy analysis so as to make the user confident [7]. Studies has been 
performed empirically about 68.5% and analytically 11.7%, software 19.8% on the 
various aspects of windows making it energy efficient, experimentation is not taken
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to large level [8, 9]. Experimentation is very much required so that the product that 
is windows when installed at consumer location, the results should not deviate with 
the statistics provided in the manual [7]. Thus, experimentation in the windows for 
buildings is the need of hour. Many novel configurations have been used and recom-
mended by researchers [10–12]. Energy savings of 15% are possible using active 
building envelope technology [13]. Various types of glasses are available which has 
the capability to cut the heat ingress in to the buildings and can reduce the cooling 
loads in the built sector [14]. Double glazing units are shown better results than 
traditional units in energy savings for various climates [15–17]. A window should be 
carefully designed according to key parameters and especially for climate condition 
[18]. 

This paper evaluates the performance of five different windows and suit-
able glazing is recommended as per budget and savings to minimize the energy 
consumption. 

2 Experimental Setup 

The objective of this study is to ascertain the most budgeted windows from the five 
different windows taken for experimentation. The focus is on the energy consump-
tion criteria that the cooling loads be minimized in the building with the help of 
economical windows wherein the savings should offset the increased initial cost of 
the window. To achieve the objective, one single room 12 feet × 12 feet having 10 
feet height is considered for study. The five different types of windows are listed in 
Table 1. The temperature is recorded with the help of sensor based instrument and 
reading is taken from 12 to 2 PM on June 21, 2021. The prototype is framed out of ply 
wood ½ inches. The provision is provided where the window glass is replaced one 
by one and recorded the readings of temperature inside and outside the prototype. 
The window is placed at 48% widow-to-wall ratio (WWR). Calculation of energy 
is empirically performed with the help of three-star air-conditioner having 12,000 
BTU. Analysis is carried on comparison basis with respect to its cost calculation 
which is further verified by the expert vendors. Recommendation is provided to the 
consumer so that the energy balance can be maintained and also to lower the initial 
cost with the increased number of window units to lower initial cost. The research 
procedure is shown in the Fig. 1. Data is gathered from the experimental setup and 
analyzed for various scopes.

3 Results and Discussion 

The result was performed for hot and dry climate. The window which is budgeted 
and performance in cutting the heat is considered and recommended. The different 
types of windows are shown in Table 1. The south side window facing is used in the
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Table 1 Different type of windows 

W0CG Clear glass 6 mm 

W1LEG Low E glass 6 mm 

W2SCG Solar control glass 6 mm 

W3STG ST167 glass 12 mm 

W4DGU1 Clear glass 6 mm + 12 mm air + clear glass 6 mm (24 mm width) 

W5DGU2 Clear glass 6 mm + 12 mm argon + clear glass 6 mm (24 mm width) 

Fig. 1 Research procedure flow chart

experiment having WWR as 48%. The optimum window should be recommended 
which is economical as far as payback period is concerned. 

As shown in Fig. 2, W5DGU2 has the highest performance in resisting the temper-
ature of inside from outside is 8.7 °C, next is W3STG. The reason is of the double 
skin which is acting as barrier as of argon gas and STG type of glass is having benefits 
to resist the heat.

Seeing the benefit of lowering temperature from outside to inside with respect 
to traditionally used windows, still the usage is limited in the residential buildings,
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Fig. 2 Difference in temperature for different types of windows

Fig. 3 Initial cost with respect to traditional window 

the reason is the owners behaviour [19] and also are not versed with the benefits 
and types of glass in relation to energy and savings [20]. The challenging part is the 
initial cost of the windows with a view from traditional windows. Figure 3 represents 
the initial cost of the glass in the windows (frames and other cost are not taken in 
account). The windows W3STG, W4DGU1, and W5DGU2 falls 3.44 to 3.7 times 
more cost than traditional windows. The initial cost will be offset by the savings with 
performance windows. 

Figure 4 shows the payback period which is due to the savings over the energy 
consumption. W5DGU2 has added benefit of argon gas which lowers the payback 
period to 2.94 years taking 10 months of usage of air-conditioner in one year.

Figure 5 shows the comparison of widows in terms of payback analysis versus the 
initial cost of the windows with respect to traditional window. Seeing the differences 
between both parameters, W5DGU2 is the suitable window that is recommended to 
be use in warm and hot climate in built environment.
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Fig. 4 Payback period of different types of windows

Fig. 5 Comparison of windows 

Based on this study, it is suggested that for hot climates, the parameters such 
as WWR should be 48%, south facing window, the window W5DGU2 which is 
having clear glass in double skin with argon gas should be used in order to minimize 
the cooling loads. The recommended solution is economical as well because of its 
pay-back period. 

4 Conclusion 

As the result shows with the usage of innovative windows, the energy consumption 
can be lowered substantially. In hot climates, the energy consumption increases 
which is also the challenge to developing countries to struggle with. The results are 
analogous with the previous studies about the impact of double skin windows having 
argon gas. Such recommendation is helping the engineers and designers to select suit
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able windows at early design stages of buildings and also covers the energy analysis 
where the initial cost can offset with the savings. 

Out of five different windows studied in comparison with the most widely and 
cheap traditional windows, the most suitable follow-up of the windows are in order as 
W5DGU2, W3STG, and W4DGU1. W5DGU2 has payback period of 2.94 years, re-
duce the temperature difference to 8.7 °C out of five different performance windows. 
The cost versus payback period is lesser among all the windows. W3STG is also 
a second viable solution and its cost is 3.44 times which increases the payback 
period. The author will use this window in residential building to check the actual 
consumption and satisfaction of the owner in future studies. This way the owner feels 
confident and the research can be recommended to policy makers to make the national 
sustainable. With this proposed windows, the electricity bills can be minimized. 

References 

1. J. Morrissey, Better data. Mod. Healthc. 27(27), 43 (1997). [Online]. Available: http://sea 
rch.ebscohost.com/login.aspx?direct=true&AuthType=cookie,ip,shib&db=rzh&AN=106102 
832&site=ehost-live 

2. CSO, Energy statistics 2019 (twenty sixth issue), (2019) pp. 1–123, [Online]. Available: http:// 
mospi.nic.in/sites/default/files/publication_reports/EnergyStatistics2019-finall.pdf 

3. E. Cuce, C.H. Young, S.B. Riffat, Performance investigation of heat insulation solar glass for 
low-carbon buildings. Energy Convers. Manag. 88(12), 834–841 (2014). https://doi.org/10. 
1016/j.enconman.2014.09.021 

4. S. Yeom, H. Kim, T. Hong, M. Lee, Determining the optimal window size of office buildings 
considering the workers’ task performance and the building’s energy consumption. Build. 
Environ. 177(3), 106872 (2020). https://doi.org/10.1016/j.buildenv.2020.106872 

5. P. Pilechiha, M. Mahdavinejad, F. Pour Rahimian, P. Carnemolla, S. Seyedzadeh, Multi-
objective optimisation framework for designing office windows: quality of view, daylight and 
energy efficiency. Appl. Energy 261(7), 114356 (2020). https://doi.org/10.1016/j.apenergy. 
2019.114356 

6. R. Alsharif, M. Arashpour, V. Chang, J. Zhou, A review of building parameters’ roles in 
conserving energy versus maintaining comfort. J. Build. Eng. 35(12), 102087 (2021). https:// 
doi.org/10.1016/j.jobe.2020.102087 

7. E. Cuce, Accurate and reliable U-value assessment of argon-filled double glazed windows: a 
numerical and experimental investigation. Energy Build. 171, 100–106 (2018). https://doi.org/ 
10.1016/j.enbuild.2018.04.036 

8. M. Casini, Active dynamic windows for buildings: a review. Renew. Energy. 119, 923–934 (01 
April 2018). https://doi.org/10.1016/j.renene.2017.12.049. Elsevier Ltd 

9. T.J. Dabe, A.R. Dongre, Analysis of performance of the daylight into critical liveable area of 
‘type design’ dwelling unit on the basis of daylight metrics for hot and dry climate. Indoor 
Built. Environ. 27(1), 129–142 (2018). https://doi.org/10.1177/1420326X16669844 

10. R. Tafakkori, A. Fattahi, Introducing novel configurations for double-glazed windows with 
lower energy loss. Sustain. Energy Technol. Assessments 43(11), 100919 (2021). https://doi. 
org/10.1016/j.seta.2020.100919 

11. R. Tafakkori, A. Fattahi, Introducing novel configurations for double-glazed windows with 
lower energy loss. Sustain. Energy Technol. Assessments 43(9), 100919 (2021). https://doi. 
org/10.1016/j.seta.2020.100919

http://search.ebscohost.com/login.aspx?direct=true&amp;AuthType=cookie,ip,shib&amp;db=rzh&amp;AN=106102832&amp;site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&amp;AuthType=cookie,ip,shib&amp;db=rzh&amp;AN=106102832&amp;site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&amp;AuthType=cookie,ip,shib&amp;db=rzh&amp;AN=106102832&amp;site=ehost-live
http://mospi.nic.in/sites/default/files/publication_reports/EnergyStatistics2019-finall.pdf
http://mospi.nic.in/sites/default/files/publication_reports/EnergyStatistics2019-finall.pdf
https://doi.org/10.1016/j.enconman.2014.09.021
https://doi.org/10.1016/j.enconman.2014.09.021
https://doi.org/10.1016/j.buildenv.2020.106872
https://doi.org/10.1016/j.apenergy.2019.114356
https://doi.org/10.1016/j.apenergy.2019.114356
https://doi.org/10.1016/j.jobe.2020.102087
https://doi.org/10.1016/j.jobe.2020.102087
https://doi.org/10.1016/j.enbuild.2018.04.036
https://doi.org/10.1016/j.enbuild.2018.04.036
https://doi.org/10.1016/j.renene.2017.12.049
https://doi.org/10.1177/1420326X16669844
https://doi.org/10.1016/j.seta.2020.100919
https://doi.org/10.1016/j.seta.2020.100919
https://doi.org/10.1016/j.seta.2020.100919
https://doi.org/10.1016/j.seta.2020.100919


Performance Analysis of the Sustainable Windows Glazing System … 285

12. J. Hirvonen, et al., Emissions and power demand in optimal energy retrofit scenarios of the 
finnish building stock by 2050. Sustain. Cities. Soc. 70(12) (2021). https://doi.org/10.1016/j. 
scs.2021.102896 

13. F. Mokhtari, D. Semmar, M. Chikhi, N. Kasbadji Merzouk, S. Oukaci (2020) Investigation of the 
improvement building envelope impact on energy consumption using energy audit, in MATEC 
Web Conference, vol. 307, p. 01031. https://doi.org/10.1051/matecconf/202030701031 
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Strength and Flow Characteristics 
of Controlled Low Strength Material 
by Using Industrial Byproduct 

Minakshi Uchibagle and B. Ram Rathan Lal 

1 Introduction 

ACI 229 R suggested controlled low strength material as a material which is having 
compressive strength in the range of 3–8.3 MPa at 28 days. The controlled low 
strength material having 8.3 MPa are used in structural filling where the future exca-
vation is unlikely and the filling where future excavation is expected the compressive 
strength should be 3.0 MPa [1]. The application of CLSM has a broad range like 
structural fill conduit bedding, pavement base, trench backfilling, conduit bedding, 
and void filling [2]. CLSM is also called as flowable fill self-compacted backfill 
material, soil cement, slurry, and flowable mortar, etc., [3, 4]. For making flowable 
material CLSM required more water which required more time to harden [5]. CLSM 
can be made by using different materials like pond ash [6], bottom ash, cement, kiln 
dust, and wood ash [7, 8]. CLSM also address material like treated oil west as a 
partial replacement of sand [9] copper slag also use in the CLSM mix [10] other 
material like native soil, native high plastic clay sewage sludge [11, 12]. EPS beats 
[12]. Recently, Uchibagle and Ramrathan Lal have present controlled low strength 
material using gypsum dry wallboard and pond ash through its characteristics [13]. A 
finite element study was done on CLSM for narrow trenches [14]. The bond strength 
between steel bar and CLSM was found out by finite element simulation by abacus 
software, which shows bond strength increase with increasing bar diameter [15]. 
Fly ash and pond ash which is good in spherical particles which are widely used 
for the construction of controlled low strength material has many advantages like 
good flowability, improves bleeding, reduce segregation, and reduce material cost 
[16, 17].
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In India, huge amount of industrial west generated out of that maximum amount 
used in landfilling which is not a suitable solution, so need to search for an alternative 
to using this industrial product in some other application like controlled low strength 
material. Very few studies were done in India on the controlled low strength material. 
No study was done in the vicinity on local pond ash and blast furnace slag. The present 
study show local pond ash and blast furnace slag have the potential possibility to be 
used in controlled low strength material production by incorporating west and by 
elimination of sand in CLSM production it will contribute to sustainable development 
by saving natural resources like sand and reducing landfilling demand and solve the 
problem of disposal of such industrial by product like local pond ash and blast furnace 
slag. 

2 Material and Methods 

Pond ash was obtained from an NTPC power plant, Mouda Nagpur, Blast furnace 
slag collected from steel industries Sunflag Bhandra. The physical properties of pond 
ash and blast furnace slag are shown in Table 1. Chemical analysis (XRF-Scan and 
X-Ray florescence) test was done at the Indian Bureau of Mines Modern Mineral 
Processing Laboratory and Pilot Plant, Nagpur to identify the percentage of basic 
chemical present in the material. X-Ray fluorescence test was performed by using 
an X-Ray fluorescence spectrometer to identify the percentage of basic chemicals 
present in the pond ash and blast furnace slag. The basic chemical compound present 
in pond ash and blast furnace slag are shown in Table 2. Portland cement of grade 
53 was used in the present work. CLSM required more water to become flowable so 
good quality simple tap water was used. Figure 1 shows the grain size distribution 
curve of pond ash. 

Table 1 Physical property Properties Pond ash Blast furnace slag 

Specific gravity (G) 2.0 2.35 

Optimum moisture content 
OMC 

16% 16% 

Maximum dry unit weight (Ud 
max) 

1.3 g/cc 1.067 g/cc 

pH 9.596 8.852 

Partical size distribution 

D10 mm 0.0069 mm 0.52 mm 

D30 mm 0.018 mm 0.75 mm 

D60 mm 0.04 mm 1.1 mm
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Table 2 Chemical property Compound Pond ash (%) Blast furnace slag (%) 

SiO2 62.67 32.13 

Al2O3 26.18 19.80 

Fe2O3 3.72 0.43 

CaO 2.36 34.80 

K2O 1.06 0.64 

TiO2 1.67 1.13 

P2O5 0.44 0.006 

Fig. 1 Grain size 
distribution of pond ash 

3 Mix Proportions 

The ACI Committee 229 was a frame up in 1985 establish a report which includes 
applications, handling, performance, proportioning, and placement of CLSM mixture 
for different applications. As there is no other than this code available for CLSM 
since 1999, it is used for the present paper. Generally, for establishing the mix design 
of CLSM trial and error or past experience were used. In the present paper, mix ratio 
is defined as the ratio of the volume of cement to the volume of blast furnace slag. 
The mix proportion of various CLSM mixture is shown in Table 3.

4 Test Result 

4.1 Compressive Strength 

The compressive strength of CLSM is a very important property and it is correlated 
to mix components of material as mainly CLSM is used as structural fill or backfill.
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Table 3 Mix proportion of 
different CLSM mixture 

Mix Vc/Vbfs (%) Water Contain (%) Vpa/Vbfs 

M1C1S3 10 55 0.1 

M1C2S3 20 55 0.1 

M1C3S3 30 55 0.1 

M2C1S3 10 55 0.3 

M2C2S3 20 55 0.3 

M2C3S3 30 55 0.3 

M3C1S3 10 55 0.5 

M3C2S3 20 55 0.5 

M3C3S3 30 55 0.3 

M4C1S3 10 55 0.3 

M4C2S3 20 55 0.3 

M4C3S3 30 55 0.3 

M5C1S3 10 55 0.3 

M5C2S3 20 55 0.3 

M5C3S3 30 55 0.3

In the present study, a cylinder of size 75 × 150 mm was used for testing compres-
sive strength as per ASTM D4832 and ACI229R. The material is flowable so the 
cylindrical mold was covered by plastic and no vibration and rodding were required. 
For each mix total, 12 cylinders were cast for the compressive strength test. Figure 2 
shows the casting of cylindrical specimen. The curing was done for 7, 14, 28, and 
56 days. The water content was maintained at 55% and, the cement content was 
varied 10, 20, and 30% for all CLSM mixtures. The moisture pond ash was kept in 
the oven for 30 min. The mixture cement by pond ash is consider 0.1, 0.2, and 0.3 
and volume of pond ash to volume of blast furnace slag is considered 0.1, 0.3, 0.5 
and 1, 2. Compressive strength test result are shown in Table 4.

Figure 3 shows the variation of compressive strength measured for pond ash spec-
imen concerning mix ratio for volume for different curing periods and a linear rela-
tionship was observed between compressive strength and mix ratio. The maximum 
compressive strength was observed at 28 days curing ratio 0.3, M2C3S3, and the 
compressive strength linearly decreases to its minimum value at a mix ratio of 2, for 
sample M5C1S1. The compressive strength value from mix ratio 0.1 starts converging 
toward a mix ratio of 1. The compressive strength was highest for 56-day curing 
period for 12.8 Mpa for M2C3S3, This is due to a higher amount of blast furnace 
slag in M2C3S3. As per ACI 229 R, the CLSM mix which is compressive strength 
nearer to 8.3 Mpa suitable for structural fill application. The mix M1C3S3, M2C3S3, 
and M3C3S3 maybe use in structural fill application, and the rest all the mix may be 
applicable in the other filling application like conduit bedding, void filling, pavement 
base and backfilling for retaining wall, etc.,
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Fig. 2 Casting of cylinder 

Table 4 Compressive strength for different CLSM mixtures 

Mix ratio Compressive Strength in Mpa for 55% water content 

C/BFS 

3 Day 14 Day 28 Day 56 Day 

0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 

0.1 1.02 2.8 4.4 1.12 3.8 7.8 2.2 4.32 7.14 6.21 6.6 11.6 

0.3 2.6 2.8 5.8 3.4 3.56 6.78 3.29 4.89 8.8 7.8 7.5 12.89 

0.5 1.14 2.4 4.6 2.01 3.2 6.8 2.97 4.66 8.1 5.86 6.87 11.3 

1 1.3 1.68 3.01 1.4 2.89 5.45 2.29 2.48 6.4 5.56 5.8 9.5 

2 1 1.6 3.5 1.3 1.9 4.47 1.4 2.3 5.5 4.4 4.9 10.2

Figure 4 shows the relationship between compressive strength and curing period 
for all the various mix ratio. A linear relationship was observed for compressive 
strength and curing period for all the mixes. The specimen was tested for 7, 14, 
28, and 56 days. It was observed that compressive strength increases by increasing 
cement content. The graph shows that CLSM strength increases as the curing period
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Fig. 3 Compressive strength for different CLSM mixtures for Vc/Vpa = 0.3

increases strength are increases as the curing period increases and the same trend 
observed for all types of mix. 

40 

35 

30 

25 

20 

15 

10 

5 

0 

Curing days 
(a) (b) 

40 

35 

30 

25 

20 

15 

10 

5 

0 

(c) 

40
Vc/Vpa=0.1 

30 M3C1S3 

M2C1S3 

M1C1S3 

20 

10 

0 
3 day 14 day 28 day 56 day 3 day 14 day 28 day 56 day 

Curing days 

3 day 14 day 28 day 56 day 
Curing days 

Vc/Vpa=0.2 

M3C2S3 

M2C2S3 

M1C2S3 

Vc/Vpa=0.3 
M3C3S3 

M2C3S3 

M1C3S3 

Co
m

pr
es

sic
e 

St
re

ss
 in

 M
pa

 

Co
m

pr
es

si
ce

 S
tr

es
s i

n 
M

pa
 

Co
m

pr
es

si
ce

 S
tr

es
s i

n 
M

pa
 

Fig. 4 Variation in compressive strength with respect to mix ratio for curing period
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Fig. 5 Measurement of 
flowability 

4.2 Flowability 

Flowability is an important property of controlled low strength material is its ability 
to be self-leveling; to flow into and easily fill a void or congested area, without the 
need for conventional compaction and placing which considerably reduce the labor 
and enhance the construction speed. ASTM D6103 “Flow Consistency of Controlled 
Low Strength Material” this method is used in the present study which is the cylinder 
open ended of size 75 mm diameter and 150 mm long. CLSM mix powered in cylinder 
and cylinder allows to lift and CLSM mix allow to spread and the slump increases 
its diameter. The final diameter is measured in both the direction and maximum 
diameter treated as the flowability shown in Fig. 6. A good flowability is achieved 
when the diameter of CLSM is spread above 200 mm. 

From figure 5 it is clear that when water content increases flowability increases and 
it was observed that flowability reduces by increasing cement content. Flowability 
obtain in the range from 190 to 310 mm. Result indicates that for all CLSM mix the 
flowability is in the range of moderate as well as high flowability as per ACI 229R. 
For mix ratio of 0.5, 1, and 2 mixes show high flowability range which is suitable for 
structural fill application, and the remaining mix presents moderate flowability. This 
result is due to more contain of pond ash as pond ash have the smooth and rounded 
fine practical.

4.3 Density 

ASTM D6023 is used as a test method for density. The density of CLSM mix signifi-
cantly influences by the mix ratio. The density measure at the time of casting is fresh 
density and the density measured on time of testing of 28 days sample is treated as 
dry density. Dry density was measured after attending 7, 14, and 28 days curing at 
the time of testing. Density was calculated by taking an average of densities of three 
cylinders. The first weight of the cylinder was calculated accurately as well volume 
of the cylinder was determine, and the densities of the mixtures were calculated in 
kg/m3. The density was observed in the range of 940–1170 kg/m3. Figure 6 shows 
that for the mix ratio 0.1, the density linearly increases to the mix ratio of 2. The



294 M. Uchibagle and B. R. R. Lal

Fig. 6 Flowability for different mix ratio

highest density observed for the mix ratio of 0.5, and the lowest density observed for 
the mix ratio 0.1. 

Figure 7 shows that density of all mix for the Vc/Vpa ratio 0.1 this indicate, the 
density of CLSM mix slightly increases as increasing mix ratio. And, the same trend 
observed for Vc/Vpa = 0.2 and 0.3. 

Fig. 7 Density of material
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4.4 Initial Setting Time of CLSM Mix 

The initial and the final setting times of the mixtures were determined according to 
ASTM. 

Some mix need a minimum time 24 h to set and some required 36 h to set. Initial 
setting time for all CLSM mix ranging from 24 to 36 h. 

5 Conclusions 

Present studies show the properties of newly developed CLSM. Based on the 
experimental study the following conclusion are drawn as follows: 

1. According to ACI 229R, M1C3S3, M2C3S3, and M3C3S3 is feasible for struc-
tural fill application and rest of mix can be used for other fill application like a 
void filling, backfill behind retaining wall, conduit bedding, pavement base, etc., 

2. Compressive strength increases as Vc/Vbfs ratio increases and also increases as 
the curing period increases 8.8Mpa compressive strength for 28 days was notice 
and 56 days strength is 12.98 for sample M2C3S3. 

3. Plastic properties like flowability and bleeding were found to increase with the 
increase in the water content in the mix. In-service properties like unconfined 
compressive strength were also found to get reduced with an increase in flowa-
bility values. Moderate-to-high flowability range 190–310 mm obtain in the mix 
as per ASTM D6103. 

4. The density was observed in the range of 940–1170 kg/m3. For the mix ratio 0.1, 
the density linearly increases to the mix ratio of 2. The highest density observed 
for the mix ratio of 0.5, and the lowest density observed for the mix ratio of 0.1. 

5. It was also observed that a maximum of three (10, 20, and 30) % of cement was 
required to achieve the flowability and UCS requirements for a regular excavat-
able flowable fill for the considered pond ash. The addition of chemical admix-
tures was not required for obtaining the required properties for the fills. Thus, 
the pond ash and cement together can be used effectively for CLSM production 
thereby reducing waste disposal and environmental pollution. 

6. Pond ash and blast furnace slag have the potential possibility to be used in 
controlled low strength material production by incorporating west and by elimina-
tion of and sand in CLSM production it will contribute to sustainable development 
by saving natural resources like sand and reducing land-filling demand.
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Experimental Investigation on Fresh 
Properties and Optimization 
of Self-Compacting Concrete Reinforced 
with Waste Plastic 

V. Sai Neeraja and Vaibhav Sharma 

1 Introduction 

Some of the service industries manufacturing processes will generate large amounts 
of waste materials and by-products. Consequently, solid waste management has 
emerged as one of the world’s most biggest environmental challenges. Because of 
rising environmental consciousness, scarcity of land-fill area and its ever-increasing 
cost, using waste materials and by-products has become an appealing option to 
disposal. The too much consumption of natural resources, the increasing production 
of hazardous wastes, and the contamination of the environment need to have the 
advancement of cutting-edge solutions for sustainable advancement. 

SCC is a sort of novel concrete that, because of its excellent deformability, can 
actually be laid and also consolidated under its own weight without any vibra-
tion initiative, while also being cohesive to be managed without segregation or 
bleed. Due to its flowability, it is capable of loading formwork as well as accom-
plishing full consolidation also in the presence of heavy reinforcement. Without 
the support of vibrations, SCC compacts under its own weight. It is proportioned 
as though it enables movement and also flow without partition. It promotes appro-
priate filling right into forms with strong reinforcement, leading to great and sound 
concrete. On the contrary, if not correctly vibrated, regular vibrated concrete leaves 
big honeycomb-like structures in comparable applications, and it includes faults, as 
an example pores as well as air gaps that arise throughout the curing course [1]. 

More over in order to pass through congested reinforcing bars, SCC needs not 
only a high deformability of the paste or mortar, but also resistance to coarse aggre-
gate and mortar segregation. In order to attain these outcomes, inert (limestone) or
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cementitious (fly ash, silica fumes) accompaniments are generally used. Further-
more, super plasticizers or viscosity modifying chemicals help to reduce segregation 
and console-ty in concrete [2]. To produce self-compact ability, approaches such as 
limited aggregate content, water-to-powder ratio, and employment of superplasti-
cizer have been used [3]. A high-quality SCC must have 3 key qualities in contrast 
to traditional concrete: filling up ability—the ability to stream into the formwork 
and entirely load all areas by its very own weight; passing capability—the propen-
sity to move through and around constrained spaces between steel enhancing bars 
without segregation or blocking; and also segregation resistance—the capacity to 
stay uniform during transport, positioning, and after placement. 

Copper slag is a large metallurgical by-product produced in smelters during the 
transformation of copper ore concentrates into metallic copper [4]. The only disad-
vantage of SCC over traditional concrete is its high cost, which is attributable to 
the higher cement content. This disadvantage of SCC can be overcome by using 
supplementary cementing material [5]. Many different alternatives have now been 
devised to utilize or dispose of the vast volumes of fly ash produced by power gener-
ating [6]. Furthermore, the usage of fly ash as a cement binder replacement has a 
wide ranging ecological impact. Initially, using this material in cement and concrete 
technologies helps for the decrease of problematic rubbish dumps containing this 
waste. The lowering of cement binder in the concrete mix composition, on the other 
hand, has a favorable influence on the reduction of carbon emissions and the level 
of energy produced in the Portland cement manufacturing process. 

As sustainability plays a crucial role nowadays in construction sector the use 
of industrial by-products like fly ash, plastic waste, recycled coarse aggregate, and 
copper slag, replacement in the development of green self-compacting concrete. 
There is less research work carried out for copper slag as cement replacement and 
plastic waste to fine aggregate replacement, as rapid service industrial waste can 
create a circular economy this study was carried out to show its significance. 

2 Materials 

Class F fly ash obtained from Rayalaseema Thermal Power Station is sited at Yerra-
guntla (Md) in Kadapa (Dist), Andhra Pradesh. The power station is a coal-fired 
power plant owned by APGENCO, OPC 43 grade cement as an external calcium 
source obtained from the local market, PVC granules of 0.05–1.4 of density (g/cm3), 
hardness of 155 (Rockwell). In this investigation, RCA of local demolished construc-
tion was employed. IS 8112:1989 approved OPC grade 43 was used and the test 
results properties are represented in Table 1. A 1.1 specific gravity poly-carboxylic 
ether-based super plasticizer that is commercially available was used.

The fine aggregate used was river sand with a 3% of bulking nature falling in IS 
Zone II having a fineness modulus of 3.12. The physical properties of fine aggregate 
were represented in Table 2. Plastic waste (PVC granules) was used as a replacement
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Table 1 Cement properties S. No Property Test value 

1 Specific gravity 3.13 

2 Normal consistency 33% 

3 Time for initial setting (min) 42 

4 Time for final setting (min) 350 

5 Fineness 6

Table 2 Fine aggregate 
properties 

S. No. Property Test value 

1 Specific gravity 2.62 

2 Bulking of sand 3% 

3 Fineness modulus 3.12 

4 Fineness II 

Table 3 Coarse aggregate 
properties 

S. No. Property Test value 

1 Specific gravity 2.76 

2 Water absorption 0.41% 

3 Elongation index 20.20% 

4 Flakiness index 21.40% 

5 Fineness modulus 7.36 

6 Bulk density 1541 kg/m3 

of sand as 0, 5, 10, 15, and 20 %. The typical properties of PVC granules are repre-
sented in Table 4. A locally available coarse aggregate of 7.36 fineness and 0.41% 
water absorption capacity is used in this study. The physical properties of coarse 
aggregate are represented in Table 3. 

Table 4 PVC granules properties 

S. No. Property Test value 

1 Density (g/cm3) 0.05–1.40 

2 Water absorption, 24 h (%) 0 

3 Max operating temp (°F/°C) 140/60 

4 Tensile strength (Kpa) 51,675 

5 Flexural strength (Kpa) 88,192 

6 Hardness 115 (Rockwell R) 

7 Heat deflection temp (°F/°C) at 1818.96 kPa 176/80 

8 Melting temp (°F/°C) N A



300 V. Sai Neeraja and V. Sharma

3 Design of Experiment 

Optimization of performance characteristic for a process product plays a crucial role 
in the present era. Moreover, orthogonal array concept is resulting from the factorial 
design methodology with paired wise balancing attribute [7]. In order to consolidate a 
lot of repeated values into a single value the signal-to-noise proportion from Taguchi 
technique was embraced for recognizing the precise existing information variation. 
In the Taguchi approach, the signal-to-noise ratio is used to consolidate a number of 
repeated values into a single value which is the depiction of the existing variant in 
the data [8]. 

During this current study, Taguchi design approach was adopted to minimize 
sensitivity of uncontrolled factors (S/N ratio). Owing to a wide range of SCC, in 
general more experimentation is to be performed to decide a suitable concrete mix 
for reaching target desired strengths. As a result, the Taguchi technique of optimiza-
tion will significantly reduce the number of experiments required to analyze the 
interaction, effects, and factors employed. For experimentation, a robust design of 
L25 orthogonal array was developed. Four controlled factors fly ash, copper slag, 
plastic waste, and recycled coarse aggregates and five levels are used in the present 
study with an overall 25 runs. The optimization specifications are slump flow result, 
V funnel result of circulation time, as well as L box outcome of passing capacity. 
There is one kind of data characteristic discovered in the present trials which was 
thought about as ‘Larger is better’ quality feature. Higher signal-to-noise proportion 
(S/N) dimensions determine control variable settings that reduce the influence of 
noise elements [9]. The signal-to-noise ratio attempts to determine exactly how the 
response varies with respect to the small or target value under various noise situations 
(Table 5). 

Factor A is the substitute of cement by fly ash (replaced by 25, 30, 35, 40, 45 %), 
factor B is the substitute of cement by industrial waste copper slag (replaced by 0, 
3, 6, 9, 12 %), factor C is the substitute of fine aggregate by PVC granules (0, 5, 10, 
15, 20 %), and factor D represents substitute of coarse aggregate by recycled coarse 
aggregate (replaced with 0, 25, 50, 75, 100 %).

Table 5 Design of 
parameters considered for 
Taguchi method 

Notation Factors Levels 

A Fly ash 25, 30, 35, 40, 45 

B Copper slag 0, 3, 6, 9, 12 

C Plastic waste 0, 5, 10, 15, 20 

D RCA 0, 25, 50, 75, 100 
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4 Experimental Investigation 

Moreover for a specified target factors, different levels of approach results will be 
obtained, and based on the test results, individual parameter performance can be 
evaluated [10]. Table 6 displays the average S/N ratios of the control factors for the 
slump flow test by considering lager is better quality characteristic. The basic decision 
making output parameter is the S/N ratio. In general, three basic S/N equations are 
generally employed to categorize the target function as ‘larger the better, smaller the 
better, and nominal the best’ [10]. The rank of RCA stood first which means that 
it shows more effect on the slump flow property, later leaded by fly ash and plastic 
waste. 

From Table 6, it was clearly observed that copper slag stood in fourth rank which 
shows very less effect on slump flow property of SCC as computed based on S/N 
ratio. The means of slump flow are represented in Table 7 which represent RCA in 
first rank and copper slag in fourth rank. 

The rank of RCA stood first which means that it shows more effect on the passing 
ability property, later followed by plastic waste and fly ash. From Table 8, it was  
clearly observed that copper slag stood in fourth rank which shows very less effect 
on passing ability property of SCC as computed based on S/N ratio.

Table 6 Response table for signal-to-noise ratios of slump flow 

Level Fly ash Copper slag Plastic waste RCA 

1 55.42 55.61 55.75 56.28 

2 55.63 55.73 55.78 56.04 

3 55.53 55.52 55.64 55.89 

4 55.64 55.60 55.49 55.60 

5 55.82 55.57 55.38 54.23 

Delta 0.40 0.21 0.40 2.04 

Rank 2 4 3 1 

Table 7 Response table for means of slump flow 

Level Fly ash Copper slag Plastic waste RCA 

1 593.6 605.6 614.0 651.4 

2 607.4 612.4 616.6 633.6 

3 599.2 599.8 607.6 622.8 

4 606.6 604.4 597.2 602.8 

5 619.2 603.8 590.6 515.4 

Delta 25.6 12.6 26.0 136.0 

Rank 3 4 2 1 
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Table 8 Response table for signal-to-noise ratios of L box 

Level Fly ash Copper slag Plastic waste RCA 

1 − 1.1264 −0.9634 −0.9209 −0.6695 

2 −1.0016 −0.9948 −0.8996 −0.7622 

3 −1.0368 −1.0801 −1.0957 −0.9158 

4 −1.0148 −0.9579 −1.0592 −1.1503 

5 −0.9201 −1.1036 −1.1243 −1.6019 

Delta 0.2063 0.1458 0.2247 0.9324 

Rank 3 4 2 1 

The average S/N ratios of the control factors intended for the L box test by consid-
ering lager are better quality characteristic which are represented in Table 8. Response 
table for means was represented in Table 9 which tells the passing ability rank stood 
first for RCA and last for copper slag because of its bulk density variation. 

The V-shaped funnel test results are used to evaluate the stability of produced 
concrete [11]. The rank of fly ash stood first which means that it shows more effect 
on the filling ability property, later leaded by copper slag and RCA as given in Table 
10 when large is better quality characteristic was considered. 

Table 9 Response table for means of L box 

Level Fly ash Copper slag Plastic waste RCA 

1 0.8800 0.8960 0.9000 0.9260 

2 0.8920 0.8920 0.9020 0.9160 

3 0.8880 0.8840 0.8820 0.9000 

4 0.8900 0.8960 0.8860 0.8760 

5 0.9000 0.8820 0.8800 0.8320 

Delta 0.0200 0.0140 0.0220 0.0940 

Rank 3 4 2 1 

Table 10 Response table for signal-to-noise ratios for V funnel 

Level Fly ash Copper slag Plastic waste RCA 

1 21.92 23.65 24.35 25.11 

2 23.81 22.76 23.21 23.89 

3 24.41 23.95 22.63 23.15 

4 24.51 23.36 23.77 22.78 

5 24.23 25.16 24.91 23.94 

Delta 2.58 2.40 2.28 2.33 

Rank 1 2 4 3
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Table 11 Response table for means of U box 

Level Fly ash Copper slag Plastic waste RCA 

1 13.32 15.39 16.63 18.01 

2 15.84 14.08 14.79 15.93 

3 16.72 16.24 13.95 14.80 

4 16.84 15.29 16.09 14.33 

5 16.41 18.13 17.66 16.05 

Delta 3.52 4.05 3.71 3.68 

Rank 4 1 2 3 

Response table for means was represented in Table 11 which tells the passing 
ability rank stood first for copper slag. 

5 Results and Discussion 

It is important to use a systematic move toward for identifying optimal mixes and 
investigate the most efficient factors under a set of constraints [11]. Design of exper-
imentation as carried out using Taguchi method and the obtained 25 mixes is repre-
sented in Fig. 1 along with fresh properties test results. Slump flow varies from a 
minimum of 480 to 664 mm, and L box results vary from a minimum of 0.82 to a 
maximum of 0.95. Minimum time period taken to fill V funnel varies from 8.36 s to 
a maximum of 18.20 s. Using IS 10262–2019 [12], SCC mix design was carried for 
M1 to M25 mixes by considering 0.45 water-powder ratio and conplast admixture.

Increasing fly ash content increases slump flow diameter but increase in copper 
slag decreases the slump flow diameter. Increasing plastic waste content decreases 
slump flow diameter but increase in the percentage of recycled coarse aggregate 
decreases the slump flow diameter tremendously as shown in Fig. 2.

Addition of fly ash has increased the paste volume so that the flowability was 
gained by SCC. Due to high density, the increase in the copper slag reduces the 
concrete flowability as shown in Fig. 3. However, the variation of slump flow was 
observed more when recycled aggregates are used.

Increasing fly ash content increases passing ability but increase in copper slag 
decreases the passing ability of SCC. Increasing plastic waste content decreases 
passing ability but increase in the percentage of recycled coarse aggregate decreases 
the slump flow diameter tremendously as shown in Fig. 4.

Addition of fly ash has increased the paste volume so that the passing ability 
was gained by SCC. Due to high density, the increase in the copper slag reduces 
the concrete flowability as shown in Fig. 5. Most of the investigations show that the 
plastic waste affects the passing ability in increasing and decreasing nature beyond 
the replacement of 10% with fine aggregate as shown in Fig. 5, this property may be
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Fig. 1 SCC mix with fresh properties result

Fig. 2 Main effect plot for S/N ratio of slump flow test (larger is better)
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Fig. 3 Main effect plot for means of slump flow test (larger is better)

Fig. 4 Main effect plot for S/N ratio of L box test (larger is better)
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Fig. 5 Main effect plot for means of L box test (larger is better) 

because of the interlocking texture effects of cement paste [13] with smooth surface 
of PVC granules. 

Increasing fly ash, copper slag, and plastic waste content increase filling ability 
but increase in RCA decreases the filling ability of SCC. Increasing plastic waste 
content increases passing ability due to the ease of move moment of PVC granules 
by taking cement paste plasticity property into action [14] as shown in Fig. 6. Main  
effect plot for means of V funnel test was represented in Fig. 7. Larger is better 
quality characteristic was considered to study the filling ability of the SCC as shown 
in Fig. 7.

6 Conclusion

1. Taguchi optimization strategy is utilized to recognize the impact of powder mate-
rial and top quality of plastic waste, and RCA on relative fresh properties for SCC 
is explored in this paper. 

2. A personalized method for evaluating signal-to-noise ratio is suggested, which 
is based on the concept of the mean’s error balancing property. 

3. Fly ash and copper slag waste content are used as fillers for the concrete produc-
tion instead of cement which leads to an increase in surface area and obstructs 
the flow of SCC.
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Fig. 6 Main effect plot for S/N ratio of V funnel test (larger is better) 

Fig. 7 Main effect plot for means of V funnel test (larger is better)
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4. Use of RCA as coarse aggregate replacement shows that increase in RCA effect 
the slump property of SCC. 

5. Plastic waste used as a replacement to fine agglomerates shows effect on passing 
ability of SCC. 

References 

1. T. Hemalatha, J.M. Chandra Kishen, A. Ramaswamy, Investigation on the relationship between 
microstructure and fracture properties of self-compacting concrete (SCC). Adv. Civ. Eng. 
Mater. 6(1), 20170055 (2017). https://doi.org/10.1520/acem20170055 

2. N. Gupta, R. Siddique, Durability characteristics of self-compacting concrete made with copper 
slag. Constr. Build. Mater. 247, 118580 (2020). https://doi.org/10.1016/j.conbuildmat.2020. 
118580 

3. H. Okamura, K. Ozawa, Mix design for self-compacting concrete. Concrete Library of JSCE 
No. 25, (1995). https://nanopdf.com/download/concrete-library-of-jsce-no-25-june-1995_pdf. 
Accessed 25 Sep 2021 

4. K. Murari, R. Siddique, K.K. Jain, Use of waste copper slag, a sustainable material. 
J. Mater. Cycles Waste Manage. 17(1), 13–26 (2014). https://doi.org/10.1007/s10163-014-
0254-x. Springer, Tokyo 

5. R. Sharma, R.A. Khan, Sustainable use of copper slag in self compacting concrete containing 
supplementary cementitious materials. J. Clean. Prod. 151, 179–192 (2017). https://doi.org/10. 
1016/j.jclepro.2017.03.031 

6. G.L. Golewski, The influence of microcrack width on the mechanical parameters in concrete 
with the addition of fly ash: consideration of technological and ecological benefits. Constr. 
Build. Mater. 197, 849–861 (2019). https://doi.org/10.1016/j.conbuildmat.2018.08.157 

7. D. Das, A. Chatterjee, Taguchi and ANOVA approach for optimization of flow characteristics 
of self-compacting concrete. Emerg. Mater. Res. 3(1), 37–45 (2014). https://doi.org/10.1680/ 
emr.13.00016 

8. A. Chatterjee, D. Das, Assessing flow response of self-compacting mortar by Taguchi method 
and ANOVA interaction. Mater. Res. 16(5), 1084–1091 (2013). https://doi.org/10.1590/S1516-
14392013005000083 

9. A. Joshaghani, A.A. Ramezanianpour, O. Ataei, A. Golroo, Optimizing pervious concrete 
pavement mixture design by using the Taguchi method. Constr. Build. Mater. 101, 317–325 
(2015). https://doi.org/10.1016/j.conbuildmat.2015.10.094 

10. M.A. Emara, F.M. Eid, A.A. Nasser, M.A. Safaan, Prediction of self-compacting rubberized 
concrete mechanical and fresh properties using Taguchi method. J. Civ. Environ. Eng. 8(2) 
(2018). https://doi.org/10.4172/2165-784x.1000301 

11. E. Ozbay, A. Oztas, A. Baykasoglu, H. Ozbebek, Investigating mix proportions of high strength 
self-compacting concrete by using Taguchi method. Constr. Build. Mater. 23(2), 694–702 
(2009). https://doi.org/10.1016/j.conbuildmat.2008.02.014 

12. IS 10262-2019 concrete mix proportioning guidelines. https://drive.google.com/file/d/18pNhh 
SWEAJoCOXQ1wzRqHfVIB1rwBWY0/view. Accessed 25 Sep 2021 

13. M.K. Mohammed, A.I. Al-Hadithi, M.H. Mohammed, Production and optimization of eco-
efficient self-compacting concrete SCC with limestone and PET. Constr. Build. Mater. 197, 
734–746 (2019). https://doi.org/10.1016/j.conbuildmat.2018.11.189 

14. V.S. Neeraja, A. Sharma, Enviro safe concrete using plastic waste. Procedia Environ. Sci. Eng. 
Manag. 6(4), 565–574 (2019)

https://doi.org/10.1520/acem20170055
https://doi.org/10.1016/j.conbuildmat.2020.118580
https://doi.org/10.1016/j.conbuildmat.2020.118580
https://nanopdf.com/download/concrete-library-of-jsce-no-25-june-1995_pdf
https://doi.org/10.1007/s10163-014-0254-x
https://doi.org/10.1007/s10163-014-0254-x
https://doi.org/10.1016/j.jclepro.2017.03.031
https://doi.org/10.1016/j.jclepro.2017.03.031
https://doi.org/10.1016/j.conbuildmat.2018.08.157
https://doi.org/10.1680/emr.13.00016
https://doi.org/10.1680/emr.13.00016
https://doi.org/10.1590/S1516-14392013005000083
https://doi.org/10.1590/S1516-14392013005000083
https://doi.org/10.1016/j.conbuildmat.2015.10.094
https://doi.org/10.4172/2165-784x.1000301
https://doi.org/10.1016/j.conbuildmat.2008.02.014
https://drive.google.com/file/d/18pNhhSWEAJoCOXQ1wzRqHfVIB1rwBWY0/view
https://drive.google.com/file/d/18pNhhSWEAJoCOXQ1wzRqHfVIB1rwBWY0/view
https://doi.org/10.1016/j.conbuildmat.2018.11.189


Construction Sustainability in Indian 
Perspective-A Review 

Junaid Manzoor and Pushpendra Kumar Sharma 

1 Introduction 

India is the 7th largest country in the world and has been a home for more than a billion 
people. Construction industries of India take about 6.5% of country’s GDP. During the 
last few decades, the investors found an open opportunity in bringing sustainability 
into play, particularly the commercial and residential construction, as these two 
groups contribute toward a major part of the industry, as both of them consume more 
energy and ultimately causing more and more emission of gasses. So, it becomes 
obvious for all the businesses related and the policymakers to endorse sustainability 
into construction project management. There is a lot of literature available about 
sustainable construction practices, among which PPMBOK (Project Management 
Body of Knowledge) is the most common and actively used. 

1.1 Concept of Sustainability in Project Management 

The word sustainability is derived from the Latin word ‘sustinere’ which means 
‘to hold’. In the context of the construction project, it means the act of balancing 
the social, economic, and most importantly the environmental facets of any project 
without compromising the needs of future generations. Due to the growing urban-
ization of cities, the level of pollution, and resource exploitation, it has become the 
need of the hour to implement the sustainable practices of project management into 
our construction industries. This article attempts to bring forward the scenario of
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sustainable construction practices in Indian industries and also the obstacles faced 
by the industries in implementing sustainability in their projects. 

2 Literature Review 

Sádaba et al. [1] performed a detailed literature analysis with over 100 references to 
examine the relationships between the two fields. In this article, the author tries to 
put forward a new set of guidelines for project managers to deal with the projects 
in a pretty sustainable way. Also, the author has a future agenda of how project 
management can lead to sustainability in construction companies and construction 
projects. 

Sharma et al. [2] to find a use of ‘Adobe’ as a sustainable building material, several 
tests on the commonly used building material in rural hilly areas were performed, 
i.e., ‘Adobe’. The tests such as sieve analysis, proctor compaction test, compressive 
strength test, etc. The tests conclude that the use of Adobe as a sustainable material 
can help rural construction in many sustainable ways. 

Mokal et al. [3] analyzed the need for using eco-friendly materials in our construc-
tion practices. In this article, the author finds some eco-friendly materials which can 
be used as a substitute to conventional building materials without compromising the 
strength and durability of the structure. Materials such as lime, eco-friendly tiles, 
sand-lime bricks, etc. are the materials that can be used to replace the conventional 
building materials so that the sustainability of projects can be achieved. 

Boks et al. [4] in their review of literature in the context of design for sustainability 
(DFS) and project management, tried to find the gap between the project management 
literature and design for sustainability. 

Banihashemi et al. [5] in their work have highlighted the most vital factors in 
attaining sustainable project management. Their work engrossed on the significant 
methods of integrating sustainability into construction project management. Factors 
such as the role of clients, first-class workmanship, tactical direction, health and 
safety procedures, project manager’s knowledge, etc. were recognized as some of 
the chief focuses in making a sustainable construction project management. 

Ogunde et al. [6] surveyed different construction companies by giving them ques-
tionnaires and receiving the data in terms of feedback. This data was used to analyze 
different success factors such as project manager’s involvement, client’s interest, 
effective communication, efforts of workforce, etc. 

Reddy et al. [7] worked on the measure of finding innovative methods of using 
sustainable building construction materials in building modern cities. Also, waste 
production by the Indian construction sector is a major cause of pollution. So, 
using sustainable materials could reduce wastage and hence lead to sustainable 
construction. 

Gupta et al. [8] carried out a case study in which the whole intention was to make 
efforts for using sustainable building materials rather than using natural resources. 
He also found that natural resources tend to be cheaper and readily available over
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indigenous materials such as low VOC paint, LED lighting system, etc. Moreover, the 
use of green building designs is also helpful for attaining eco-friendly construction. 

Reddy et al. [9] worked on building a Sustainable Building Assessment Tool 
(SBAT) to compare the level of sustainability of any building structure. The already 
present and widely used assessment tools like GRIHA, LEED, and IGBC seem to 
have limitations against Indian construction. So, here arises the need of developing 
a Sustainable Building Assessment Tool. 

Agarchand and Laishram [10] carried out their study on infrastructure develop 
through public–private partnership (PPP). Though the construction in this mode in 
this mode is going at a good pace there arises there need for establishing the guidelines 
for sustainable construction practice. The work was carried by the means of literature 
review and interview. 

Chawla et al. [11] carried out a study in which various issues in connection with the 
sustainability aspect of the project were identified. These issues were found between 
the year 1987–2018. Threats, opportunities, and challenges related to sustainable 
construction project management were pointed out in this study. 

Syamimi and Ling [12] worked on finding the main factors that would force the 
construction companies to incorporate sustainable construction project management. 
According to their article government policies, client awareness, high fuel cost, 
international pressure, the high reputation of organizations, etc. are some of the 
important drivers that would make organizations implement sustainable construction. 

Solaimani and Sadighi [13] investigated the need for Lean construction practices 
while keeping in view the other aspects too, such as concerns of stakeholders, the 
concern of people, and preventing this planet from exploiting its resources. 

Jat and Mane [14] worked basically toward the choice of clients while choosing a 
conventional approach of construction or green building approach because the choice 
of any customer would surely have a major impact on the price of construction. 
Though the green building is more expensive than the conventional buildings but 
in the long run green builds require less maintenance as compared to conventional 
buildings. 

Gupta et al. [15] in their two-year research work focused on identifying the need, 
tools, obstacles, and limitations of mainstreaming sustainable social house building. 
Due to the constant pressure of the growing population, the need for timely comple-
tion and sustainable projects has taken a peek. So, it becomes necessary to make 
sustainable construction practices very common among clients. 

Hirpara et al. [16] acknowledged the crucial factors affecting the culture of sustain-
able construction projects. Due to the rapid urbanization, the resources are utilized 
at a continual pace, which is going to lead to environmental depletion in the coming 
years of construction. Through a questionnaire survey, the data collected was used to 
identify the most important factors governing the sustainable construction approach. 

Chourasia [17] worked on finding the possibility of using bamboo in construction 
needs while listing the various properties of bamboo-like easily available, its strength 
(tensile and bending), durable, etc. due to its engineering properties such as tensile 
strength, bamboo has been used in past also as a building material. In his work, the 
author has mentioned methods of improving the engineering properties of bamboo.
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Patidar [18] researched and collected some data from some selected green build-
ings in India. These buildings tend to be GRIHA-certified buildings. Upon the 
findings, it was found that GRIHA-certified buildings had both environmental 
and economic benefits. The work of the author focuses on the effectiveness of 
GRIHA-certified architectures in comparison to contemporary architectures. 

Goel et al. [19] reviewed and assessed the status of sustainable construction prac-
tices in India. With the help of inductive and qualitative analysis, three categories were 
formed viz: social, economic, and environmental. These categories unveiled huge 
deviation among the prevailing construction practices and the required construction 
practices for a sustainable construction project. 

Manna and Banerjee [20] have put forth the green building movement and the 
criteria for the certification process of green buildings. The author has mentioned 
many green building rating systems in their work and elaborated on the role of 
these rating systems. Criteria like the selection of sustainable sites, water efficiency, 
energy and atmosphere, materials and resources, etc. are required for any building 
to get green building certification. 

Mistri et al. [21] analyzed the lack of factors for a successful construction project 
management and observed the impact of these factors on achieving sustainable 
project management. The author highlights the skill shortage among artisans as the 
first lacking factor in achieving sustainable construction. Analytic Hierarchy Process 
(AHP) was used to divide the causes of skill shortage into different categories. 

Nayak and Kayarkatte [22] carried out a comprehensive literature review to find 
state the status of sustainable green building construction in India. The author’s works 
also rely on finding the role of rating systems in India in making India a green country 
along with finding the limitations of green buildings. In the end, the authors suggest 
some strategic policies to get Indio more into green building construction. 

Gangwar et al. [23] to study India’s rating system for green buildings also put an 
overview about the principles of design of sustainable housing in India. The systems 
like GRIHA, IGBC, and Eco-Housing Assessment Criteria were selected for the 
study. 

Aghaegbuna et al. [24] carried out a study to find the obstacles faced by the 
construction project managers in achieving both the sustainability and success of a 
construction project. The work was carried out by circulating a questionnaire among 
the construction companies. 

Akula Prakash et al. [25] defines a sustainable building as “the plan and develop-
ment of structures utilizing strategies and materials that are asset productive and that 
will not bargain the wellbeing of climate or the related wellbeing and prosperity of 
the structure’s inhabitants”. In his work, he tries to mention the deterrents in attaining 
sustainable construction. 

Nithya et al. [26] worked on finding a way to avoid wastage in construction indus-
tries in India. Their work also emphasizes the prevailing technology in India taking 
care of the waste generated from construction industries. Different types of wastes 
were identified by the author. This study also enlightens some of the initiatives taken 
by the government of India for infusing zero wastage policies in Indian construction 
industries to provide a sustainable future.
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3 Conclusion 

Keeping in view the existing literature, this article carried out an exploratory review 
on the importance and utilization of sustainable project management in the design 
for sustainability approach. This study aimed to find out the challenges faced by 
the construction companies and project managers in practicing sustainable construc-
tion project management and the methods and efforts to be taken to make sustainable 
construction project management a sound practice of management in the construction 
companies. The challenges such as labor-related challenges, work-related challenges, 
time-related challenges, etc. need to be taken care of. Further for the actual field-
work, a survey questionnaire is to be prepared and circulated among the construction 
companies across India and get actual data for the research. 
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A Sustainable Outlet for Canal Irrigation 
System 

Pushpendra Kumar Sharma 

Highlights 
Outlets used in canal irrigation systems and their requirements. 
Issues with Indian canal irrigation system. 
Indian farmers’ irrigation disputes and resulting ecological concerns. 
A sustainable novel solution to farmers and recommendation to update Indian canal 
irrigation system. 

1 Introduction 

In irrigation systems modules are the outlets fitted in the banks of distributaries 
perpendicular to the direction of flow and connect parent channels, i.e. distributaries 
to water courses or field channels where from the farmers irrigate their fields. The 
maintenance of field channels is done by the cultivators and once the irrigation water 
out of the module the irrigation department has no control. Numerous outlets are 
used even in minor irrigation systems. Most of the Indian irrigation systems are 
using three types of modules such as; non-modular, semi-modular and modular type 
modules from ancient times. 

Non-modular is a simple conduit constructed in bank and it discharges water 
directly proportional to the available head in parent channel. Being cheap, simple and 
long life it is widely used in various Indian irrigation systems but the main drawback 
is that these are tempered by the farmers as their own requirements [1]. Submerged 
Hume pipes, masonry sluices and orifices lie in this category and are commonly used
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in various states of India like; Madhya Pradesh, Uttar Pradesh, Bihar, Punjab and 
Haryana. 

Semi-modular or flexible modules play in between non-modular and modular 
ones. They discharge independent of water level in field channel but depend on 
the water level in the parent channel. Crump’s adjustable proportional module and 
Kennedy’s semi-module fall in this category [1, 2]. 

Modular outlets which discharge independent of the available head in parent 
channel with a constant discharge to the farmers are of great use. These are also 
called the Rigid modules. Gibb’s rigid module falls in this category. It is a very 
complex machine with a great head loss and very costly too. Once out of order it is 
only repairable under the supervision of a skilled engineer and that is why it does not 
suit to developing countries like India and Indian conditions of irrigation systems 
specifically. Undoubtedly it is better for equal discharge of water in equal slots/turns 
of the farmers [1, 2]. 

2 General Requirements 

As far as the requirements of a perfect outlet are concerned it should be simple in 
design, economic, speedy constructible, able to work even at low available heads, 
draw proportionate silt, not likely tampered by the farmers, measurable discharge 
uniformly and easily repairable even by the unskilled labor when out of order. 

3 Indian Scenario 

In developing countries like India, it is not possible to afford a very expensive and 
smart canal system because neither government nor Indian farmers can pay for such 
a high-tech irrigation canal system. Usually, farmers take off water from irrigation 
canals turn by turn day wise and parent canal doesn’t run full all the time. The farmers 
who are given water supply later are not satisfied because parent channels do not run 
at their full supply level all the time and simple Indian pipe outlets do not transmit 
water at their fullest in intermittent supply systems as existing in India. 

4 Background 

Most of the world researchers including India have their attention towards the increase 
of efficiency of existing outlets and none has paid attention to the real problem of 
Indian farmers regarding irrigation. The author from the rural background of Uttar 
Pradesh experienced that canal irrigation system plays a very important role and the 
villagers face numerous kinds of problems and quarrel for irrigation water on their



A Sustainable Outlet for Canal Irrigation System 317

turn. In villages, the water for crop irrigation is distributed by Indian Canal Irrigation 
System through the Roster (Warabandi) in which farmers as per their land ownership 
are allotted slots for their crop irrigation. But there is a problem in beginning and 
last day when water in the feeding channel rises or falls, respectively; as a result the 
farmers get lesser amount of water than their crops requirement and thus crops go 
to wilting point and in middle of the slots at full supply of water in feeding channel, 
the crops are over irrigated triggering flood or waterlogging. 

Due to the above reasons most of the rich farmers are quitting canal irrigation 
systems and boring their own; using tube well irrigation systems. This is being over, 
especially in North Indian states; resulting in rapid fall in ground water table which 
is going to be a groundwater hazard in near future. The day is not very far when 
India will be facing water crisis. Really it is an eye opener for Indian government. 
The reason behind is inefficient and low-maintained Indian canal irrigation system 
only. 

So the author identified the problem and experienced an urgent need of such a 
device that could supply a constant discharge even during variation in water supply 
levels in feeding minors. So, this problem motivated the author not only to help the 
poor farmers by providing solution to their problems but to spread awareness among 
rich farmers to re-adopt canal irrigation systems instead tube well also; so as to avoid 
rapid ground water table fall and shortly expected groundwater hazard. This idea of 
Indian approach towards the rigid modules clicked into mind which the author has 
already got its patent granted from Government of India. 

5 The Sustainable Outlet 

Keeping all the above-discussed points in mind like: outlet theme; its requirements 
in Indian scenario the author devised an indigenous technique based on rigid module 
called ‘The Sustainable outlet’. It is a combination of a masonry well-constructed in 
the bank of a parent channel connected with flow and a flexible neck tube attached 
with a floating object maintaining a constant head with respect to a parent channel and 
this way it maintains the constant discharge supplied to the farmers even in varying 
head getting rid of them of their usual problem of non-uniform distribution of water. 
This overcomes the problem of varying head in parent channel during intermittent 
supply, provides equal discharge to the farmers in their turn. It is very cheap, easily 
constructible, repairable and not likely to be tampered by the powerful farmers. In 
addition to the above advantages it is speedy constructed and can be maintained even 
by unskilled labour. So this novel idea meets all the international requirements of an 
ideal module.
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Fig. 1 Computer-aided model of the proposed novel outlet for Indian canal irrigation 

6 Construction 

The device consists of a flexible neck tube connecting parent channel head to a fixed 
masonry or steel constructed conduit in bank of parent channel to supply water into 
the field channel with a constant head independent of the varying head available 
in the feeding channel. The opening is circular only in shape. Figure 1 shows the 
longitudinal section of the Sustainable outlet; an Indian approach towards the rigid 
module. The diameter of the fixed connecting pipe may be from 100 to 300 mm 
laid on a lean concrete platform; so as not settle at all and perpendicular to the flow 
direction. The float head well must be clearly connected with varying water levels 
of feeding channel constructing a vertical open channel in well so as to record the 
water level in parent channel. The well can also be kept top covered and locked to 
avoid theft and tampering by the farmers or anybody else. 

7 Laboratory Verification 

The following Fig. 1 shows its computer-aided laboratory model/L-section of this 
module which was used to verify the discharge and head loss and it was found very 
near to the expected as per literature. 

In case of discharge in air; an air vent pipe must also be instigated at the junction 
of flexible neck tube and fixed steel pipe otherwise need not to provide if discharge 
is submerged in field channel.
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Following photographs show the actual mechanism of the device and its working. 
Figure 2 shows the theme idea of device construction, ingress tube and floating device 
maintaining constant head, respectively. Figure 3 shows that despite varying levels 
of water in water tank; same as that in feeding channel and float positions the flow 
remains constant. (Fig. 4) 

Fig. 2 Theme idea, ingress tube and floating device maintaining constant head 

Fig. 3 The various levels of water in water tank and float positions
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Fig. 4 The various levels of water in water tank and float positions with constant discharge 

8 Calculations 

(a) Discharge 

The discharge can be calculated by well-known equation as 

Q = CD A 
√ 
2gh (1) 

where CD is the Coefficient of discharge, A is area of cross-section of feeding flexible 
neck tube designed as per requirement and h is the head available above the neck 
tube upper mouth. 

(b) Head Loss 

The various kind of head loss like entry loss, friction head and the velocity at exit 
can be summed up to get the total head loss which is like: 

HL = 
( 
0.5v2 

2g 

) 
+ 

( 
4 f lv2 

2gd 

) 
+ 

( 
v2 

2gh 

) 
(2) 

9 Validation 

The following observations were taken in the laboratory for the validation of the 
novel device as shown in Table 1.
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Table 1 Discharge versus various water supply depths 

Discharge versus various water supply depths 

Water depth (m) Without device (l/s) With device (l/s) Desired (l/s) 

0.30 0.046 0.0210 0.0225 

0.35 0.047 0.0220 0.0225 

0.40 0.052 0.0230 0.0225 

0.45 0.054 0.0240 0.0225 

0.50 0.056 0.0245 0.0225 

0.55 0.060 0.0250 0.0225 

0.60 0.062 0.0260 0.0225 

0.55 0.060 0.0255 0.0225 

0.50 0.057 0.0250 0.0225 

0.45 0.053 0.0245 0.0225 

0.40 0.052 0.0240 0.0225 

0.35 0.048 0.0220 0.0225 

0.30 0.046 0.0200 0.0225 

The graph  shown in Fig.  5 shows almost the constant discharge despite of water 
supply level in the tank/feeding channel. The results are very motivating and the 
errors are within permissible limits of experimentation and further trials for getting 
discharged without any variation are being made using different materials neck pipes 
of varying flexibility. 
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Fig. 5 Water depth versus discharge
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10 Conclusion 

This Indian approach is very near to the required standards of a rigid module. It 
is very simple, easy to construct and maintain. Being cheaper it best suits to the 
Indian canal irrigation system. This is better in all respects such as economy, societal 
and ecology. The author has recommended the module to be commercialized and to 
replace all the existing pipe outlets in Indian canal irrigation system by this novel 
device so as to come with a solution to the irrigation problems with Indian farmers 
and also to avoid future water crisis, rapid ground water table fall. 
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Effect of Self-healing Concrete 
on Modular Structure 

Gaurav Bharti , Atul Singh , Bishnu Kant Shukla , S. Varadharajan , 
S. V. Kirthanashri , Prasad Bishetti , and Amit Tripathi 

1 Introduction 

The Latin term ‘concretus’ means ‘hardened’ or ‘condensed’ is origin of concrete 
word. Self-healing concrete, also known as bio-concrete, is a name for cement-based 
materials that repair themselves after being injured by a degradation process [1]. 
Cement was first used twelve million years ago [2], whereas concrete-like construc-
tion materials were first used around 6500 BC [3]. However, it was made solid in 
later stage of Roman Empire. The world we live in is littered with structures made 
of traditional concrete. Portland cement, aggregates, and water make up conven-
tional concrete. However, typical concrete has the drawback of water permeability, 
which causes seepage from roof slabs, columns, and other structures. Concrete’s poor 
degree of sustainability is a global issue. Modern (lime-based) concrete, as revolu-
tionary as it was and continues to be, has a limited usable life due to the creation of 
cracks, reducing the lifetime of a structure. Concrete can be replaced when it gets 
too weak in highly developed nations [4]. But, in this case. When concrete ages in 
underdeveloped nations like India, there isn’t much money to repair or replace it. 
Concrete structures are frequently overlooked, and their inadequacy in poor nations 
can pose a hazard to the population and the environment. 

Self-healing concrete may be made in two ways: biologically and chemically [5]. 
Biological concrete is just regular concrete with microorganisms and nutrients added 
to help it fill fractures on its own. When fractures form, bacteria create limestone to fill
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them in. This self-healing concrete now has the capacity to self-heal, increasing the 
concrete’s long-term viability and durability. Bacterial concrete will have a greater 
level of resilience than regular concrete. A biotechnological technique based on 
calcite precipitation can improve the strength and durability of structural concrete 
[6]. 

The chemical technique is the second way to make self-healing concrete [7]. When 
micro-fractures appear, healing chemicals are injected into the capsule, which opens 
and rejoins the micro cracks. Each sort of healing substance has its unique method 
for self-healing. The processes are classified according to their design techniques. 

1. Biological technique 
2. Chemical procedure. 

A. Direct application 

The bacteria and calcium lactate are added to the concrete as it is being 
manufactured. 

B. The Law of Encapsulation 

The coarse aggregate is replaced with lightweight aggregate (LWA), which is 
impregnated with double the calcium lactate solution and bacterial spores when 
encapsulating in lightweight concrete. The concrete is created after the clay 
particles have been impregnated with 6% healing chemicals. 

1.1 Biological Method 

Researchers have discovered that specific bacteria may be mixed into concrete before 
it is poured, releasing self-healing chemicals. Until they die, these bacteria maintain 
the concrete healthy. The bacteria’s main benefit is that it repairs the fractures by 
precipitating calcium carbonate in the calcite. Bacterial spores, nutrients, and calcium 
lactate have recently been utilised as self-healing agents in studies [8–10]. To prevent 
contact before cracks form, bacteria and calcium lactate are inserted in the capsules. 
Self-healing concrete, also known as bio-concrete, is concrete that has been treated 
with curative chemicals. The inclusion of these capsules, however, alters the compo-
sition of the mixture since the healing agent must replace a portion of it. 15 kg of 
curing agent must be added to every cubic metre of concrete, which means 15 kg of 
concrete must be removed each cubic metre. The concrete’s strength will suffer as a 
result of this. Concrete may be infused with a variety of beneficial microorganisms. 
There are three reasons why components have been specified: (1) simplicity of use 
when formatting individual documents, (2) automated compliance with electronic 
requirements that allow the development of electronic goods concurrently or later, (3) 
consistency in style across a conference sessions. There are built-in margins, column 
widths, line spacing, and type styles; examples of type styles are supplied throughout 
this text and are identified in italic type, inside parentheses, after the example. The 
different table styles of text are given, components, such as multi-levelled equations,
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images, and tables, are not required. The formatter must construct these compo-
nents while taking into account the following requirements. A common addition is 
Bacillus alkali nitrulicus, an alkali-resistant soil bacteria. Alkali-resistant microor-
ganisms thrive in alkaline environments. The pH levels range from 9 to 11 on the 
scale. It ranges in temperature from 10 to 40 °C. There are additional microorganisms 
that may be introduced as well. This bacteria is psychrophilic. This bacteria likewise 
thrives in severe circumstances, with a pH range similar to that of the others but an 
optimal temperature around freezing [11–13]. 

Bacteria utilised in the manufacture of SHC Bacteria are generally single-celled, 
primitive creatures. Bacillus Pasteurii, Bacillus Cohnii, Bacillus Filla, and other 
Bacillus species are among the microorganisms utilised. In the presence of any 
carbonate source, this bacteria can create calcium carbonate. The bacteria is utilised 
for the same, and test pieces were seen to increase the resistances of concrete test 
specimens. Microbes are bacteria that are not dangerous to humans. Inorganic crystals 
precipitate, causing fissures to mend in the concrete, which can resist any temperature 
variation. 

• The majority of bacteria in the Bacillus family satisfy the above-mentioned 
requirements. 

• The best appropriate chemical precursor was discovered to be Calcium lactate 
(C3H5O2)2 is a good choice. 

1.1.1 Bacterial-Based Healing Process 

Process Due to continuous chemical, physical, and mechanical processes, concrete 
has a built-in healing mechanism already. The calcium carbonate precipitation is the 
most important (Edvardsen 1999). A width of crack of 0.2 mm is the average limit 
at which healing may occur. As shown in Eq. 1, the carbonation process, in which 
diffuse carbon dioxide reacts with calcium hydroxide to form calcium carbonate, is 
at the heart of calcium carbonate synthesis. 

CO2 + Ca(OH)2 → CaCO3 + H2O (1)  

The precipitation of calcium carbonate is also a basis of microbial healing. 
The dormant bacteria are activated by the input water. Bacterial conversion of an 
embedded mineral precursor chemical produces dense layers of calcium carbonate 
[14]. The reaction happens in Eq. 2 in the case of calcium lactate when the bacteria 
merely serve as a catalyst. 

Ca(C3H5O2) + 7O2 → CaCO3 + 5CO2 + 5H2O (2)  

Carbon dioxide is generated during the conversion of calcium lactate metaboli-
cally, which also interacts with the calcium hydroxide in the concrete matrix, creating
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Fig. 1 Bacteria utilised in the research 

more calcium carbonate, as shown in Eq. 1. The massive production of large crys-
talline calcium carbonate with a diameter greater than 100 m precipitates the sealing 
and blocking of cracks as shown in Fig. 1. 

Bacteria generate urease, then the conversion of urea to carbonate and ammo-
nium in the bacterial environment take place, resulting in pH increase and rise in 
carbonate concentration [15]. These components are then degraded, culminating in 
the creation of calcium carbonate from ammonia (NH4 

+) and carbonic acid (CO3 
2−). 

The following is the procedure for converting urea to carbonate (CO3 
2−) and ammo-

nium (NH4 
+) using urease (hydrolysis of urea) (CO(NH2)2) (chemical reactions 

explained in Eqs. 3–7) [16]. 

CO(NH2)2 + H2O → NH2COOH + NH3 (3) 

NH2COOH + H2O → NH3 + H2CO3 (4) 

H2CO3 ↔ HCO− 
3 + H+ (5) 

2NH3 + 2H2O ↔ 2NH+ 
4 + 2OH− (6)
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Fig. 2 Calcium carbonate formation on the bacterial cell wall 

HCO− 
3 + H+ + 2NH+ 

4 + 2OH− ↔ CO2− 
3 + 2NH+ 

4 + 2H2O (7)  

Bacteria take cations from the environment, including Ca2+, to deposit on their 
cell surface because their cell wall is negatively charged. Calcium carbonate develops 
on the cell surface when Ca2+ ions mix with the CO2− 

3 prime, acting as a nucleation 
site. Calcium carbonate precipitation in the bacterial cell wall is depicted in Fig. 1. 

Calcium carbonate can be precipitated by a variety of bacteria based on urea 
analysis. A examination of the literature revealed bacterial applications. Using 
lightweight pebbles and graphite nanoplatelets, Subtilis bacteria can improve the 
strength of concrete [17]. When Aerius bacteria were tested in rice husk ash concrete, 
the durability of the concrete was shown to be improved [18]. The inclusion of 
Bacillus Megaterium bacteria in concrete resulted in a 24% increase in compressive 
strength [19]. Bacillus Sphaericus improves the durability of concrete by depositing 
calcium carbonate [20]. Sporoscarcina Pasteurii, a self-healing bacteria used in fly 
ash concrete, has enhanced the concrete’s strength and lifespan [21]. The self-healing 
action of the bacterium Sporoscarcina Pasteurii, which is used in silica fume concrete, 
has improved the strength and longevity of the material [22] (Fig. 2). 

1.2 Chemical Method 

When two chemicals, methacryloxypropyl certain polydimethylsiloxane and benzoyl 
isobutyl ether, are combined in the presence of sunshine, they convert into an imper-
meable polymer that clings to concrete, according to Chan-Moon Chung’s recent 
experiment. The chemical combination is kept isolated from sunlight when this balm
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is put within small capsules comprised of urea and formaldehyde. The capsule opens 
and the balsam spills out when it fractures due to external factors. These capsules are 
produced by combining water, urea, ammonium chloride, and resorcinol, a benzene 
derivative that promotes capsule production. The mixture is then heated for 4.5 h at 
55 °C with a methacryloxypropyl terminated group, polydimethylsiloxane, benzoin 
isobutyl ether, and formaldehyde. The urea and formaldehyde are then combined 
to produce capsules containing the two concrete curing ingredients, as required. 
The mixture is then combined with polymer (liquid) and put onto concrete blocks 
weighing two-thirds of a kg apiece, with the resultant film being allowed to harden. 
He then used force to shatter each block one at a time, then set the blocks in the sun 
for four hours. 

2 Observations 

The fissures in the concrete extended to the capsules’ polymer coating, which opened 
some of the capsules and spilled their contents. The blocks are then put in a waterproof 
layer when exposed to the sun, a fact that can be verified by submerging the blocks 
in water. He weighed the blocks after 24 h of soaking to assess how much water 
they had absorbed. The raw concrete collected 11.3 g of water on average. Without 
capsules, the polymer-coated concrete weighed 3.9 g. However, the concrete that 
had been coated with a layer of polymer containing capsules barely absorbed 0.4 g 
(Fig. 3).

3 Advantages and Dısadvantages 

When compared to conventional concrete, bio-concrete has a higher compressive 
and flexural strength. It is capable of repairing cracks without the need for external 
assistance. Bacillus bacteria are non-pathogenic to humans, thus they may be utilised 
to make bio-concrete. One disadvantage of self-healing concrete is that two ammo-
nium ions are created concurrently for each carbonate ion, potentially resulting in 
excessive nitrogen loading in the environment. Additionally, the cost of bacterial 
concrete is double that of normal concrete. 

4 Results 

In the bio-concrete test findings, the bio-concrete and conventional concrete test 
results revealed a clear distinction. The graph provides detailed information on 
Compressive strength, split tensile strength, and flexural strength are all factors to
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Fig. 3 Concept of healing agent embedded microcapsules, based on White et al. figure’s micro-
structure with embedded catalyst and healing agent microcapsules (polymer precursor)

consider of M20 conventional concrete and M20 bio-concrete made with various 
bacteria (Figs. 4 and 5).

5 Conclusions 

Although the majority of healing agents utilised in bio-concrete are chemical-based, 
the application of bacteria has been studied for their self-healing properties. In some 
studies, the presence of healing agent bacteria can lead to the enhancement of its 
durability by precipitating calcite or limestone on the surface. 

In bio-concrete, microorganisms consume oxygen from concrete matrix, which 
can prevent steel reinforcement corrosion. However, this procedure has not been 
proven to work and more research is needed to quantify this potentially helpful 
procedure in real terms.
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Fig. 4 Comparison between flexural strength of bacterial concrete and conventional concrete 

Fig. 5 Comparison between split tensile strength of bacterial concrete and conventional concrete
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Evaluation of Domestic Wastewater 
Treatment Plant in Rural Areas 

Jaspreet Singh and Janaki Ballav Swain 

1 Introduction 

One of the most essential things on the earth for life is water. As the population is 
increasing, the requirement of fresh water is also increasing day by day. The wastew-
ater spawn from the isolated/rural areas is generally directly disposed off openly 
which further cause serious diseases. Disposing wastewater directly can have nega-
tive impact on irrigation, recreational process and to aquatic life [1]. The other way to 
deal with such wastewater is to be collected at a single point (collection chamber) and 
further it can be treated through sewerage treatment plants. The sewerage treatment 
plant is used to deal with removal of harmful contaminants from the gray water and 
which can be further reused. In India, the considerable amount of sewerage treatment 
plants is consisting of mechanical processes in which the process of biological waste 
purification, sludge treatment, etc. are used which can prove efficient in isolated/rural 
areas [1]. For the efficient processing of wastewater the considerable contact time, 
i.e., retention time should be given so that the chemical process can be taken place 
[2, 3]. Variations in flow rate can be there due to chemical composition and pH and 
atmosphere [4]. As most of the Indian population lives in rural areas, it becomes very 
important to deal with wastewater. 

There are lot of opportunities in rural areas of India where the wastewater can 
easily be reused despite of lack of resource’s availability like improper design, 
running cost of sewerage treatment plan, etc. [5]. One of the best and cheap way to 
deal with domestic wastewater is to construct the sewerage treatment plants [6]. In this 
research paper, the evaluation of the domestic wastewater treatment plant has been
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carried out to check the effectiveness of the traditional sewerage treatment plants. 
Moreover, the chances of microbial growth in India is high which will be helpful for 
treatment of gray water [7]. The domestic wastewater consists of essential nutrients 
that can be used for additionally biological activities [8]. The management opportu-
nities are revisited for the reuse of the treated water as the environmental issues in 
India are growing at fast rate [9]. The detergent present in domestic wastewater can 
cause serious diseases like cancer and kidney damage [10, 11]. 

It has been well-known fact that water used in isolated/rural areas is considerably 
less for internal utilization. Hence there is notable water that is used for external 
work and the treated water can be utilized for purpose like farming, stable, etc. 

It is recognized that there are serious water pollution problems in Punjab and other 
parts of India, mainly due to untreated wastewater. Rivers like Satluj, Beas, Ganga, 
etc. which cross very densely populated areas, are polluted. 85% of wastewater in 
India is not treated and flows directly into the country’s rivers, polluting the main 
sources of drinking water. Indian cities together produce about 40 billion liters of 
wastewater per day, and only 20% is processed through treatment plants. Therefore, 
the treatment and reuse of wastewater is an urgent in growing countries. Treatment of 
water become more and more important in country like India due to massive increase 
of population. 

By taking care of the above scenario, the samples for the domestic waste are taken 
from Sewage treatment plant town “Bambianwali, Jalandhar which comes under the 
Government of Punjab with capacity of 10 MLD. The area is located 16 km away from 
Phagwara and 14 km away from Jalandhar. The “Bambianwali” sewerage treatment 
plant mostly received the water which belongs to domestic area. After the treatment 
of wastewater has been discharged into Sutlej River. Surrounding land belongs to 
agriculture hence there is not much industry in said area. The testing has been done in 
Government approved lab near treatment and fulfills the norms (permissible limits) 
of Central Pollution Control Board (CPCB). 

The “Bambianwali” Sewerage Treatment Plant consists of the following steps of 
treatment.

• Inlet Chamber
• Screen Channel
• Mechanical Chamber
• SBR Basins
• MEP/Blower Room
• Chlorine Contact Tank
• Chlorination Room
• Tonner Shed
• Sludge Sump
• Sludge Pump House (Fig. 1).
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a)Inlet Chamber a)Screen Channel a)Mechanical 
Chamber 

a)SBR Basins a)MEP/Blower Room Chlorine Contact 
Tank 

a)Chlorination Room a)Tonner Shed a)Sludge Sump 

a)Sludge Pump 
House 

Fig. 1 Flow chart of process of sewerage treatment plant 

2 Results and Discussion 

Characteristics used for the study of sewerage treatment plant has been mentioned 
in Table 1. As we can see in Table 1, there is no significant relation in temperature 
between the data which is taken before monsoon and after monsoon. In case of pH, 
there is not much impact of the temperature. 

Table 1 Pre-monsoon test 
data 

Parameter Before 
treatment 

After treatment Permissible 
limits as per 
CPCB 

pH 7.06 7.1 6.5–9.0 

Temp. C 23.2 23.29 <30 

TSS 309.14 16.37 20 

COD 313.81 39.81 50 

BOD 111.4 7.18 10
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Table 2 Post-monsoon test 
data 

Parameter Before 
treatment 

After treatment Permissible 
limits as per 
CPCB 

pH 7.13 7.12 6.5–9.0 

Temp. C 21.07 21.42 <30 

TSS 307.37 16.51 20 

COD 309.9 39.92 50 

BOD 111.4 7.25 10 

Table 2 shows the data which is taken post-monsoon which reflects that impact 
of temperature is almost negligible. This has happened since the wastewater always 
remain in motion during the discharge as well as during the treatment. The table 
reflecting that there is not much impact on the pH since it is already under permissible 
limit and does not require any treatment. 

Graph 1 reflects the domestic method on treatment is very effective in case of Total 
Suspended Solids. Before the treatment, average value has shown as 309.14 mg/l 
which is very high and has to be processed before disposal of wastewater. After 
treatment results show value of TSS is 16.37 mg/l which under the permissible limit 
of Central Pollution Control Board (CPCB). The methods seem appropriate and 
effective during summer season as well as winter season. 

Graph 2 shows the sustainable use of technology where the wastewater before 
treatment is completely contaminated and required treatment before it gets disposed 
of into natural water body or under the ground. Before treatment, Chemical oxygen 
demand is appearing 313.81 mg/l which is very harmful for the environment. After 
the treatment through sewerage treatment value shows 39.81 mg/l which is under
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Before After 
Treatment Treatment 
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S 
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G
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Graph 1 Test result of total suspended solids 
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CHEMICAL OXYGEN DEMAND 
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Graph 2 Test result of chemical oxygen demand 

permissible value of 50 mg/l hence the treatment plants work effectively and water 
is safe to be disposed of. 

Considering Graph 3 wastewater sample results, the enhancement is water quality 
has been found. Before the treatment of sewerage, biochemical oxygen demand 
showing 111.40 mg/l which is almost 10 times higher than permissible limit hence 
the sewerage cannot be directly put into natural water bodies. After the process in 
treatment plant, BOD comes down to 7 mg/l which is under the permissible limit of 
10 mg/l as per Central Pollution Control Board (CPCB). 
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Graph 3 Test result of biochemical oxygen demand
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3 Summary 

There has been considerable amount of work has been done in the field of domestic 
sewerage treatment plants. The work in this path is related to reuse of gray water 
in such a way that freshwater requirements can be decreased. The advantage which 
can be brought is primarily to reduce the use of potable water by using the treated 
water. Woefully, people in isolated/rural areas are not carrying good knowledge 
about the use of treated water. As far as competent authorities are concerned, they 
are agreeing to conserved and reuse the water where ever possible. The is major 
concern on public health as well as on environmental conditions which are rapidly 
degrading. The design of sewerage treatment plants can be made better so that the 
cost of processing wastewater can be decreased. 
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Evaluation of Mechanical and Durability 
Properties of Concrete Using 
Metakaolin: A Review 

Nirvesh Singh, Kanish Kapoor, Mudasir Nazeer, and Paramveer Singh 

1 Introduction 

In the building business, cement concrete is the most often used construction material. 
Aggregate, cement, and water are the main ingredients of concrete. There are several 
formulations with various characteristics [1]. The aggregate consists of coarse gravel 
or broken rocks like limestone or granite, as well as a fine aggregate like sand. It 
is almost as popular as water as the most commonly ingested material. The aggre-
gate is bound together with cement (often Ordinary Portland Cement) and other 
cementitious materials such as Fly Ash (FA), metakaolin (MK), Silica Fume (SF), 
and slag cement. Concrete must acquire chemical and physical characteristics, as 
well as mechanical strength, during the hydration and hardening process. Concrete 
has a relatively high compressive strength but a significantly lower tensile strength, 
which means it invariably breaks when subjected to tensile pressures. As a result, 
steel bar or fibre reinforcement is frequently used in the construction of concrete. 
Compaction is required during the casting of conventional concrete to guarantee
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adequate strength and durability. When concrete is designed and compacted incor-
rectly, voids develop, resulting in poor quality concrete [2]. The need for high-
strength and high-performance concretes has risen dramatically in recent years as a 
result of the building industry’s demands. 

One of the high-quality compounds is metakaolin. Calcinations of kaolinitic clay 
are used in the production of metakaolin. At 8000 degrees Celsius, pure kaolinitic 
is calcined. There has been a growing interest in using MK as a mineral additive to 
increase the strength and durability of concrete in recent years. Metakaolin is made 
by heating mineral kaolin and produces stronger concrete and mortar. Because its 
particle size is larger than silica fume but smaller than cement, it resists sulphate 
attack and improves workability [3]. 

The physical and chemical characteristics of metakaolin were first discussed, 
followed by its application and benefits. After then, metakaolin was used to improve 
the mechanical and durability qualities of concrete. The goal of this study was to 
look at the mechanical characteristics and durability of concrete with a metakaolin 
replacement rate. 

2 Properties of Metakaolin 

Metakaolin is a chemical phase that occurs when kaolinite is heated. 
Al2O3:2SiO2.2H2O is the chemical composition of kaolinite. Metakaolin had a mean 
particle size of around 3 µm and 99.9% of the particles were smaller than 16 µm. 
Tables 1 and 2 show typical physical characteristics and chemical compositions, 
respectively. 

2.1 Use of Metakaolin 

Metakaolin is used to make a high performance, high strength, and lightweight 
concrete and used to precast concrete for architectural, civil, industrial, and structural 
purposes [17]. It is also used in fibre cement, ferrocement products, and glass fibre 
reinforced concrete and mortars, stuccos, repair material, and pool plasters [18].

Table 1 Physical properties 
of metakaolin 

Research study Property Value 

[4, 5] Specific gravity 2.53–2.60 

[6] Bulk density (g/cm2) 0.3–0.4 

[7, 8] Physical form Powder 

[3, 9] Colour Light creamy white 

[10, 11] Loss on ignition, % 0.67–0.70
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Table 2 Chemical composition of metakaolin 

Research study Oxides (%) 

CaO SiO2 Al2O3 Fe2O3 MgO K2O P2O5 SO3 Na2O TiO2 LOI 

[12] 0.03 57.37 38.63 0.77 0.07 0.49 0.61 0.15 0.39 0.40 1.04 

[13] 0.09 51.6 41.3 4.64 0.16 0.62 – – 0.01 0.83 – 

[14] 0.78 52.68 36.34 2.14 0.16 0.62 – – 0.26 – 0.98 

[9] 0.05 51.2 45.3 0.6 – 0.16 – – 0.21 – 0.51 

[15] 0.07 52.1 41 4.32 0.19 0.63 – – 0.26 0.81 0.6 

[6] 2.4 56 37 2.4 0.3 1 – – 1 0.2 – 

[16] – 51.5 44.7 0.4 – – – – – 2.1 – 

[16] – 52.5 44.5 0.9 – – – – – 1.7 –

2.2 Advantages of Using Metakaolin 

MK helps to increase the compressive strength, flexural strength, reduced perme-
ability, and increased durability of concrete [19, 20]. MK increases resistance 
to chemical attack, reduced effects of alkali-silica reactivity (ASR) and reduced 
shrinkage due to particle packing, making concrete dense [21]. It also enhanced the 
workability, finishing of concrete, reduced potential for efflorescence, and improved 
finish ability, colour, and appearance [22]. 

3 Fresh Properties of Concrete Using Metakaolin 

Reduction in the slump values and increase in the setting times of concrete with the 
inclusion of MK were reported by [23]. Reduction in the slump values and increase 
in the setting times of concrete with the inclusion of MK were reported by [13] as  
given in Table 3. 

Ramlochan et al. [23] used neural networks to predict workability of concrete 
incorporating metakaolin (up to 15%) and 40% fly ash. The models were reliable and 
accurate and illustrated how neural networks can be used to predict the workability 
parameters of slump, compacting factor and Ve-be time across a wide range of 
Portland Cement Fly ash Metakaolin compositions.

Table 3 Fresh properties of SCC having metakaolin [13] 

Mixes 0% MK 10% MK 20% MK 30% MK 

Slump flow 690 mm 720 mm 710 mm 680 mm 

V-funnel test 6.65 s 6.60 s 6.76 mm 6.47 s 

L-Box test 0.88 0.9 0.92 0.89 
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Table 4 Properties of metakaolin cements [24] 

Sample Metakaolin (% mass) Water demand (% mass) Setting time (min) 

Initial Final 

PC – 27.5 105 140 

MK1-10 10 29 75 130 

MK2-10 10 29 85 130 

MK3-10 10 32 105 160 

MK4-10 10 32.5 155 180 

MKC-10 10 31 95 130 

MK1-20 20 32 105 160 

MK2-20 20 31.5 110 165 

MK3-20 20 38.5 120 160 

MK4-20 20 41 205 230 

MKC-20 20 37.5 140 170 

Bai et al. [24] reported the results of water demand and setting times of cements 
containing five metakaolins. The metakaolinite contents in metakaolins MK1, MK2, 
MK3, and MK4 (derived from poor Greek kaolins) were 36, 37, 71, and 49% but 95% 
in a commercial metakaolin (MKC) of high purity. The authors concluded that (i) 
blended cements demanded significantly more water than the relatively pure cement, 
and (ii) the initial and final setting time of metakaolin cements were affected by 
the metakaolin content. Cements with 10% metakaolin, generally, exhibited similar 
setting times to that of PC, while for 20% metakaolin content there was a delay in the 
setting. MK4 showed the greatest effect on the setting delay of the cements (Table 4). 

4 Mechanical Properties of Hardened Concrete 

4.1 Pore Size Distribution 

When metakaolin percentage was less than 20%, the porosity of the cement paste 
decreased [25]. More than 30%, an increase in porosity was notice which could 
be attributed to the ‘filler effect’ of fine metakaolin particles and also because of 
enhancing w/b ratios with increasing metakaolin content. At 90 days curing, the 
pore volume of mortar and the threshold diameter decreased in the presence of 
metakaolin. Bredy et al. [26] finds the inclusion of metakaolin in cement paste guided 
to refinement of the pore structure. The threshold value for paste decreased with the 
enhance in metakaolin content. The proportion of pores with radius smaller than 
20 µm enhanced with the increase in metakaolin content. Total intruded pore volumes 
increased between the ages of 14 and 28 days for metakaolin paste. Wild et al. [27] 
concludes the porosity decreases up to 28–56 days of curing time. The values came
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Fig. 1 Average pore diameter [27] 

for MK mixes with respect to OPC mix. Between 7 and 90 days, the porosity of MK 
mixes increases, while the OPC mix remains constant, the necessity of addition of at 
least 15–20% of MK to achieve important improvement in the porosity and reducing 
the average pore diameter (Fig. 1). 

4.2 Compressive Strength 

Inclusion of MK as partial replacement of cement enhanced the compressive strength 
of concrete, but the optimum replacement level of OPC by MK to give maximum 
long-term strength enhancement was about 20% [15]. Cabera [28] has concluded that 
the compressive strength of concrete using metakaolin is higher at 10% of replace-
ments and showed relatively high values of modulus of elasticity. Splitting tensile 
and elastic modulus results are also followed same trends. Dinkar et al. [29] finds 
that the compressive strength of recycled concrete increased with the increase of 
metakaolin content, but the increasing trend gradually became slower. The compres-
sive strength of the recycled concrete fully regenerated aggregate replacement rate 
increased. When metakaolin was 7%, the 28-day compressive strength increased by 
27.1% (Table 5). 

Table 5 Compressive strengths of concrete with use MK at 28 days 

Research study Content of MK (%)  Optimum doze (%) Compressive strength increment (%) 

[15] 0–30 20 24.09 

[30] 0–15 7.5 8.05 

[31] 0–25 20 50.0 

[31] 0–40 15 25.0
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4.3 Splitting and Flexural Tensile Strength 

Patil et al. [31] MK (15%% M/C) increased the tensile strength and resulted in the 
maximum splitting and flexural strengths at virtually all ages, demonstrating that both 
splitting and flexural strengths grew with age. Concrete’s flexural tensile strength is 
proportional to its compressive strength; the higher the compressive strength, the 
higher the tensile strength [30]. The tensile strength of concrete improves when the 
amount of cement replaced with metakaolin is increased. The value improves as 
the proportion of cement replaced with metakaolin is increased, up to a maximum 
of 15%. The highest increase in split tensile strength occurs when 15% of the 
cement is replaced with metakaolin. The flexural strength of ferrocements containing 
metakaolin is up to 15% greater than the flexural strength of the control ferrocement. 
It may be the best substitute for metakaolin since it has the maximum strength at 
10% substitution. 

5 Durability Properties of Concrete 

5.1 Creep and Shrinkage 

Drying shrinkage is a significant property of concrete that impacts the structure’s 
long- term mechanical and durability qualities [14]. MK decreases concrete shrinkage 
from the first set time, with the reduction being larger at higher replacement levels. 
MK concrete, in comparison with control mix, is mostly made up of self-induced 
shrinkage, with drying shrinkage accounting for a lower portion [13]. The addition of 
MK significantly reduced drying shrinkage strain while increasing concrete strength 
in various degrees, depending on the amount of MK replaced, the w/c ratio, and the 
age of the concrete mix being tested. 

5.2 Water Absorption 

According to the previous findings, there is a significant variation in water absorption 
between the top and bottom surfaces of cast concrete. Reference [8] at 28 days and 
14 months, the water absorption of concrete mix increased as the MK concentration 
rose. Observations similar to this are also made by [4]. Metakaolin and silica fume 
significantly reduced the initial surface absorption, water absorption, and sorptivity 
of concrete in different ways.
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5.3 Chemical Resistance 

Chemicals from various acids (acidic, hydrochloric, and nitric) as well as a mixture of 
magnesium sulphate, sodium sulphate, and sulphuric acid are used in the durability 
test [10]. Discovered chemical imperviousness as the quantity of the metakaolin 
replacement increased. Xie et al. [30] has discovered that adding 7.5% high reactivity 
metakaolin to cement improves its resistance to chloride attack. 

6 Conclusion 

Because of future needs for environmental protection and sustainable building, 
the utilisation of by-products such as rice husk ash, granulated blast furnace slag 
silica fume, fly ash, and metakaolin in cement and concrete has gained considerable 
relevance. 

The utilization of metakaolin (MK) as partial substitution of concrete in mortar, 
and concrete has been broadly explored lately. The literature checked on obviously 
shows that MK is an effective pozzolan. 

1. In the case of strength and durability, the concrete using MK shows better results 
than normal mixes. 

2. The partial replacement of cement with MK reduces the water penetration into 
concrete by capillary action. 

3. MK modifies the pore structure of the cement, mortar, and concrete and signifi-
cantly reduces the permeability resulting in resistance of transportation of water 
and dispersing of harmful ions which showed to the deterioration of the matrix. 

4. Replacement of metakaolin as a partial cement between 10 and 15% may be suffi-
cient to control deleterious expansion due to alkali-silica reaction and enhancing 
the mechanical properties in concrete, depending on the nature of the aggregate. 

5. When compared with cement, metakaolin may be uneconomical due to its 
high cost, whereas it is economical in the aspects of durability and mechanical 
properties. 
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Utilization of Agricultural Waste 
for the Sustainable Production of Clay 
Bricks 

Yaksh Kakkar , Rajwinder Singh , and Mahesh Patel 

1 Introduction 

In the construction sector, brick is one of the most significant materials. Clay due to 
its unique property of plasticity is the primary material used for making burnt bricks. 
For construction needs, bricks are sufficiently sturdy and long-lasting. They are heat 
resistant, corrosion resistant, and fire resistant. Because of its strength, durability, 
loading, compactness, and lightweight, brick is the most commonly used building 
material. After China, India is the world’s 2nd largest brick producer. In India, it 
is estimated that over 1,45,000 registered and unregistered brick-making enterprises 
exist, producing over 236 billion bricks and directly employing over 8 million people 
[1]. The traditional way of producing bricks has kept this vital material away from 
progressing. Because of the high demand for building materials, particularly in the 
previous decade as a result of the rising population, more and more natural resources 
are being consumed. As a result, experts are working to create and develop sustain-
able alternative construction material factors like resource depletion, protection of 
non-renewable resources, advancements in public health and society, and low-cost 
Garbage disposal has led many nations toward recycling industrial/agricultural waste 
as raw materials [2]. Wastes such as rice husk, rice husk ash [3–6], fly ash [7–9], 
sugarcane bagasse ash [10, 11], wastewater treatment plant sludge [12–14], cigarette 
butts [15], and sawdust [16, 17]. have been utilized in making clay-based bricks, 
while certain waste materials produced excellent results, others resulted in a loss of 
some brick qualities. However, the final product provides good sustainable waste 
management [15, 18]. 

Rice is a primary food in Asia and the Pacific regions, and over 90% of the world’s 
rice is produced and consumed in these areas [14]. Rice straw and rice husk together
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form the paddy residue that occupies large areas causing harm to the environment. 
Rice straw ash is produced as a byproduct of rice straw combustion. A huge amount of 
rice straw is generated around the world (annual production 731 million tons), but it 
can’t be recycled in soil due to the short time (20–25 days) before growing subsequent 
crops [19]. Every year, a massive amount of rice straw is burned to get rid of this 
waste as the easiest method of disposal [20, 21]. In many rice-growing countries, 
field burning of rice straw produces atmospheric pollution, which is responsible for 
early deaths, health hazardous to the animal and human beings [22]. 

The literature review revealed no previous studies on the direct integration of rice 
straw ash in clay bricks as a partial replacement material for clay. No comparison of 
conventional and rice straw ash-based clay bricks has been published yet. The current 
study aims to reduce the problem connected with rice straw and its byproducts while 
focusing on the sustainable utilization of this waste in clay-based bricks for use in 
construction. 

2 Environmental Impact of Rice Straw 

Rice by-product management has become a concern as well as an opportunity as crop 
yields and cropping intensity have increased [21]. The commonly opted methods for 
managing rice straw by almost all farmers include open burning, soil integration, 
animal feed, and removal from the field. In one way or another, each strategy has 
some influence on the environment. The most opted rice straw management approach 
is to burn it. Even though farmers and paddy field owners benefit from this technique, 
it is tremendously damaging to the environment. This practice contributes to air 
pollution, global warming, and energy waste by igniting atmospheric pollution and 
causing nutrient losses from the soil [23]. Overall, emissions from field burning 
activities deteriorate local air quality and have been reported to cause high personal 
exposure and result in adverse health effects [24]. Fine particles, one of the major 
pollutants emitted from the field burning are considered as a major cause of concern 
due to their harmful effects on human health [25] and the earth’s climate [26]. This 
activity emits a large number of toxic air pollutants (particles, inorganic, and organic 
gases) and greenhouse gases such as carbon dioxide (CO2), carbon monoxide (CO), 
methane (CH4), nitrogen oxides (NOx), and sulfur dioxide (SO2) [27]. 

3 Materials 

This section consists of the details of the materials used in the study. Their basic 
properties and technique of processing these materials before brick production are 
also presented in this section.
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3.1 Clay 

Clay has been collected from a nearby brick manufacturing unit (BLS brick plant, 
Kartarpur, Punjab). Any sort of coarser impurities or decayed matter present were 
removed at the time of collection [28]. 

3.2 Rice Straw Ash 

Rice straw ash (RSA) was collected from the “Green Planet Energy Private Limited” 
facility in Garhshanker, tehsil, Binjon, where rice straw is used for energy generation 
and rice straw ash is produced as a waste product. Ash was subjected to grinding in 
the ball mill for about 15–20 min until it is reduced to a fine powder and ash passed 
through a 300-micron sieve have been used for the production of bricks. Figure 1 
shows clay and rice straw ash (RSA) samples prepared after processing. 

Tables 1 and 2 show the physical properties and chemical composition of both 
the materials used [14]. 

The chemical composition of rice straw ash indicates the presence of a high 
amount of SiO2 which shows that it can perform as a very good raw material for 
brick manufacturing.

Fig. 1 a Clay and b rice 
straw ash 

Table 1 Physical properties 
of clay 

Characteristics Clay Rice straw ash (RSA) 

Specific gravity 2.48 2 

Color Brown Black
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Table 2 Chemical 
composition of clay 

Chemical compound Clay wt% RSA wt% 

SiO2 59.56 71.96 

Al2O3 21.01 5.72 

Fe2O3 4.55 2.37 

MgO – 5.46 

CaO 2.81 3.40 

SO3 0.79 1.53 

LOI 6.67 3.43

3.3 Water 

Normal tap water has been used to mix all the ingredients in the right consistency 
before molding bricks. Water having a pH of around 7 has been used in the current 
study [10, 14]. 

4 Methodology 

This section contains the detailed procedure followed for carrying out the study. The 
details about the manufacturing process of bricks and tests to be conducted on the 
mix and bricks are also discussed. 

Following the procurement of all required materials, basic preliminary tests were 
performed on the raw materials and different mix proportions with varying percent-
ages of RSA (2, 4, 6, 8 and 10%) to analyze basic properties. Tests such as specific 
gravity, standard proctor tests, and consistency limits were conducted on the clay 
having different amounts of rice straw ash in it [29, 30]. 

After conducting the preliminary tests and analyzing their results, the process of 
the production of bricks with varying percentages of rice straw ash has been carried 
out at the brick manufacturing plant. Each mix had twenty bricks and the six different 
batches of 90 kg of clay were used for the production of bricks. The quantity of clay 
and RSA used in different mix designs are shown in Table 3. 

Table 3 Mix design for  the  
production of bricks 

Mix Mix proportions Clay (kg) RSA (kg) 

1 100:0 90 0 

2 98:2 88.2 1.8 

3 96:4 86.4 3.6 

4 94:6 84.6 5.4 

5 92:8 82.8 7.2 

6 90:10 81 9
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Rice straw ash (passing 300-µm sieve) in right proportion mixed thoroughly with 
clay. Tempering of the mix was performed, followed by the addition of water. Water 
was added according to the optimum moisture content of each mix. With the addition 
of water, kneading of the mix was carried out for 24 h with slow mixing at regular 
intervals. For molding purposes, the table molding technique was adopted. Steel mold 
is used for casting brick of size 9'' × 4.5'' × 3'' with a frog of depth 10 mm. Molded 
bricks were then kept for 48 h in an open atmosphere for surface drying. Followed 
by that step, the bricks were placed in the kiln for carrying out the burning procedure 
of bricks to a temperature of around 1000 °C. Continuous burning of bricks has been 
carried for 3–4 days and after a cooling period of 10 days, bricks were extracted from 
the kiln. Bricks were then transported to the laboratory and stacked in six different 
groups were tested accordingly. 

4.1 Tests Performed on Manufactured Bricks 

After completion of the manufacturing process, various tests such as compressive 
strength test, water absorption test, shape, size, soundness, and hardness test were 
carried out on the bricks specimens manufactured [31]. The results of these tests 
were then compared with those of clay bricks (with 0% ash) to analyze the quality 
of bricks manufactured. 

5 Results and Discussion 

The brick samples prepared with varying percentages of rice straw ash and the 
conventional bricks were tested according to the Indian Standard code. The results 
of rice straw ash based-bricks were compared with the conventional clay bricks. 

Preliminary tests such as specific gravity, compaction test, and consistency limit 
were carried out on the raw material (clay + RSA) and aids to understand the behavior 
of the addition of RSA in clay. 

5.1 Weight of Bricks 

The measurement of weight of the bricks samples manufactured using different 
percentages of rice straw ash was conducted, and the average result of three test 
specimens has been considered. Conventional brick with 0% ash weighed 3.30 kg, 
and bricks with 2% ash incorporated weighed 2.86 kg, resulting in a 13.3% reduction 
in weight. Furthermore, when the ash content has been increased to 4%, around 16.7% 
reduction in weight of brick has been observed (2.75 kg). Reduction in weight of 
bricks has been observed with increasing RSA content as depicted in Fig. 2, because



354 Y. Kakkar et al.

Fig. 2 Weight of bricks versus % rice straw ash in bricks 

of the introduction of a low-density material in clay. Ash particles being lighter in 
weight in comparison to the clay, resulting in the overall reduction in the weight of 
rice straw ash- based bricks specimens. Moreover, when the content of rice straw 
ash has been increased the porosity of bricks gets increased, eventually, causing the 
production of the light weight of bricks in comparison to the conventional bricks 
[18]. 

5.2 Compressive Strength 

The strength of bricks manufactured with different percentages of rice straw ash 
has been compared with the strength of conventional clay bricks. Bricks with 0% of 
rice straw ash produced the compressive strength of around 13.88 MPa, whereas at 
2% replacement of clay with rice straw ash (RSA) showed the compressive strength 
around 11.10 MPa, that is, a 20% decrease in strength as compared to the strength 
of conventional bricks. Further increase in the amount of rice straw ash in the clay 
mix led to cause a reduction in the compressive strength of bricks as illustrated 
in Fig. 3. Bricks with 10% RSA produced a minimum strength of 3.12 MPa. Up 
to the 4% replacement of clay with RSA, the strength of the specimens satisfies the 
prescribed standard of first-class and second-class brick. The compressive strength of 
specimens depends on the density, porosity, and pore size distribution. The decrease 
in the density and increase in the porosity of the mix has been noticed as the amount 
of rice straw ash has been increased which results in the decrease in the compressive 
strength. The trend of decrease in the compressive strength of brick with an increase
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Fig. 3 Compressive strength versus % rice straw ash in bricks 

in the content of waste material in the clay matrix is in line with the studies reported 
in the literature [10, 14, 15]. 

5.3 Water Absorption 

The effect on water absorption with the incorporation of rice straw ash in bricks 
has been analyzed by conducting the test on each mix. The variation in the water 
absorption of bricks specimens of all the mixes is presented in Fig. 4. The conven-
tional bricks showed a minimum water absorption of 3.5%, whereas when 2% of 
clay is replaced by RSA, a significant increase in the water absorption has been 
increased. Bricks specimens prepared with 2% and 4% of RSA presented water 
absorption around 12% and 14.4%, respectively. Whereas, it has also been noticed 
that the samples prepared at 2% and 4% addition of ash, satisfies the water absorp-
tion limit for first-class bricks i.e., <15%. The main reason behind the increase in the 
water absorption capacity of the bricks with the increase in the amount of pozzolanic 
material is due to the high-water absorbing nature of RSA and the formation of more 
pores/voids in the specimen [32, 33].
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Fig. 4 Water absorption versus % RSA in different bricks 

5.4 Hardness 

All the brick samples prepared with and without the different proportions of rice 
straw ash were subjected to scratching the surface of the bricks with the fingernail 
and a metal ruler to test the hardness of bricks. It has been observed that conventional 
bricks and bricks prepared at 2, 4 and 6% ash content did not show any scratches, 
whereas slight indentations were observed in the case of bricks prepared at 8 and 
10%. Figure 5 shows the testing procedure of the hardness test of bricks along with 
the scratches formed on the surface of bricks made at 8 and 10%. The manufactured 
bricks satisfy standards of hardness [34].

5.5 Shape and Size 

All manufactured bricks possess proper rectangular shape with corners intact and no 
signs of warping of bricks were observed. The bricks prepared with and without the 
addition of rice straw ash were of proper shape and size of 9'' × 4.5'' × 3''. Results 
of the study were found to be in line with the similar study found in the literature 
[34].
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Fig. 5 Hardness test results a conventional clay bricks with 0% RSA, b brick with 2% RSA, c 
bricks with 4% RSA d brick with 6% RSA, e brick with 8% RSA, f brick with 10% RSA

5.6 Soundness 

To conduct the soundness test on the bricks, two bricks of each mix were selected at 
random and stuck to one another to check the clear bell ringing sound. It has been 
noticed that the bricks manufactured at each mix showed that sound, resulting in 
meeting the standards of soundness test [35]. 

6 Conclusions 

Based on the results of the bricks manufactured with and without the rice straw ash, 
it has been noticed that the performance of bricks has been improved in terms of 
lighter weight with satisfactory strength values and durability qualities along with 
providing an effective method for sustainable waste management of rice straw. 

The results of preliminary tests conducted on raw materials and different mix 
proportions indicate that with the introduction of RSA, the specific gravity and plas-
ticity of the mix gets decreases, whereas the optimum moisture content of each 
mix gets increased. Moreover, the properties of the bricks such as water absorption,
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compressive strength, and weight were found to be affected by the addition of rice 
straw ash in comparison to the conventional bricks. The physical properties such as 
shape, size, and hardness were found to be unaffected by the addition of rice straw 
ash and presented satisfactory results. In the current study, the best results have been 
obtained by the bricks prepared with the 2% replacement of clay has been done with 
the rice straw ash as all the results were found to be comparable with the results 
of conventional bricks and satisfying the prescribed limits according to the Indian 
standard. The bricks manufactured with the addition of rice straw ash at 2% are 
recommended for the practical application as this approach not only results in satis-
fying the prescribed standard but also leads to cause the sustainable management of 
rice straw. The author anticipates that further findings can be obtained while using 
rice straw ash along with the other pozzolanic materials such as rice husk ash, fly ash, 
and sugarcane bagasse ash for the production of bricks. The effects of these waste 
materials on the mechanical and durability aspects of bricks can also be evaluated. 
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1 Introduction 

Waste management is a critical issue worldwide because the potential of environ-
mental pollution associated with municipal solid waste management (MSWM) is 
tremendous. This is undoubtedly a matter of concern for developing countries, where 
the total amount of municipal solid waste (MSW) has expanded erratically due to 
accelerated industrialization, rapid urbanization, and rise in community living stan-
dards [1–3]. With increasing population and lack of awareness in the developing 
nations, traditional indiscriminate methods of managing MSW are still being oper-
ated such as open dumping, informal recycling, and open incineration [4–10]. The 
deferred realization by developing nations after identifying negative impacts of inap-
propriate MSWM practices on public health, water bodies and atmosphere has forced 
them to address this issue with some concern [5, 11]. This has also forced all nations 
worldwide to come up with fresh policies and develop accurate MSWM techniques. 
Aforementioned can help them to deal with the negative impacts of MSW on the 
ecosystem [12, 13]. 

Bioreactor landfill (BL) concept has gained tremendous attention from the last 
three decades because of its suitability for achieving greater environmental sustain-
ability and is considered as a way forward in integrated waste management tech-
niques. According to the EPA, a bioreactor landfill is a municipal solid waste landfill 
(MSWLF) in which liquids are added to help bacteria break down the waste at a faster 
rate. Bioreactor landfills do not only decompose the waste rapidly but also provide 
an opportunity to convert this waste mass into usable energy by capturing landfill 
gases (LFGs) [14–17] and thus improving the viability of gas-to-energy options. On 
the foremost, bioreactor landfills provide higher flexibility to reduce risks, related to 
highly sensitive and numerous environmental pollution issues, such as soil contami-
nation by leachate and rise of global temperature due to release of greenhouse gases 
in open dumps, traditional landfills and dry tombs [18, 19]. A schematic image of a 
bioreactor landfill showing its important components is presented in Fig. 1.

Parameters that make bioreactor landfills economical to implement most signifi-
cantly are savings resulting from reduced leachate treatment costs [20], rapid settle-
ment of waste (airspace recovery), and the economy raised by electricity generated 
through landfill gases (LFGs) [21–23]. The latest reports on bioreactor landfill design 
are trying to make it a more efficient system. However, bioreactor landfill design is 
an open meaningful concept that is yet to be equipped by developing and many 
developed nations. The possible reason for such delay may be interrelated complex 
parameters such as socio-cultural, economic, political, legal, environmental, and 
available resources [24, 25]. Such parameters can heavily influence the MSWM in a 
country, for example, India, where the 12th schedule of the 74th constitution amend-
ment act (1992), clearly formulates urban local bodies (ULBs) as the institution for 
MSWM in cities and towns. However, ULBs in India lack competent institutional 
capacity, financial resources, and a political will for a sustainable MSWM system. In 
India, it accounts for more than 90% of the total MSW generated, which is directly 
applied on land in an indiscriminate manner [26]. The achievement of a sustainable
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Fig. 1 A detailed framework of bioreactor landfill design

MSWM solution is definitely possible when such issues are addressed. Fourie [27], 
reported that enforcement of environmental legislation is very weak in developing 
countries. Such factors have resulted in the devastation of human and environmental 
health on a large scale. 

Presently, more factors for the delay of bioreactor landfill construction in MSWM 
on a global scale can be realized through various scientific and technical concerns 
associated with it. Bioreactor landfill design is still in its development phase and 
also being a novel technology, it is mostly studied at laboratory scale. However, the 
United States, Canada, and Australia are the countries where many bioreactor landfill 
projects are in operation. Pilot scale projects for bioreactor landfills are showing 
promising results and such projects have been started in different parts of the world. 
Currently, there are no standardized operational procedures, recommended designs, 
or approved guidelines in operating bioreactor landfills. Thus, its critical analysis is 
necessary to find out the various challenging issues which the scientific community 
has to address in future. 

2 Waste Degradation Behavior in Bioreactor Landfills 

Bioreactor landfills can be classified as anaerobic, aerobic, semi-aerobic, and hybrid 
based on their operational distinctiveness [28]. However, the basic concept of leachate 
recirculation is the same in all types of bioreactor landfills. They have evolved with 
time under distinct designs, operational procedures, and waste degradation mecha-
nisms. The attainment of specific objectives such as energy recovery from LFGs and 
leachate quality improvement drives the choice of the BL type. Moreover, the choice
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is also heavily influenced by MSW characteristics, climate of the location, and socio-
economic situation of the area. However, global sustainability in landfilling should be 
the common principle in the BL design for achieving rapid waste stabilization [29]. 
A detailed analysis of different types of bioreactor landfills is presented in Table 1. 

A special modification in BLs has been reported in the form of flushing bioreactor. 
In a flushing BL, a large quantity of supplementary liquid is injected and recirculated 
along with leachate so that organic compounds, ammonium, salts, and hard COD 
can be flushed out of the bioreactor landfill system. This in turn accelerates the waste 
degradation process. The most critical factor in the flushing BLs is the flushing rate 
[37], which depends upon the liquid/solid (L/S) ratio, where L denotes the cumulative 
quantity of liquids recirculated in m3 and S denotes the quantity of waste mass in tons. 
However, various studies have indicated the inhibition of methanogenic phase under 
flushing operations. Such inhibition can decrease the potential of LFGs to energy 
conversion. Moreover, [38] suggested a modified form of flushing BLs in which they 
performed flushing operations with the help of leachate alone and combined it with 
in-situ aeration in order to remove the organic content effectively from the BL. The

Table 1 Overview of various types of bioreactor landfills 

Types Aerobic Anaerobic Hybrid Facultative 

Basic 
properties 

(a) Air and 
leachate, both are 
recirculated 
(b) Accelerated 
waste degradation 
by aerobes 
(c) Removal of 
moisture by air 
stripping 
(d) Nitrification 
and denitrification 
occur 
simultaneously 

(a) Conditions 
are made 
favorable for 
anaerobic 
bacteria 
(b) Optimal 
moisture 
content is 
important 
(c) Ballooning 
and tearing of 
plastic surface 
liners can occur 

(a) Partial 
oxygen-deficient 
conditions 
(b) Volatile organic 
acids are destroyed 
in-situ 
(c) Methanation, 
hydrolysis, and 
fermentation are 
operated in parallel 

(a) 
Aerobic-anaerobic 
type 
(b) Controlled 
leachate input 
(c) Mitigates risks 
of high ammonia-
nitrogen levels 

Waste 
degradation 
rate 

Rapid Medium High Medium 

LFG to energy 
potential 

Low (CO2 
mainly) 

High (CH4 
mainly) 

Medium (mixture 
of CO2 and CH4) 

High 

Distinctive 
feature 

Quick removal of 
COD and BOD, 
space is regained 
in real-time 

High odors, 
improved 
leachate quality 

Complete in-situ 
removal of nitrogen 
can be 
accomplished 

Leachate is 
nitrified in an 
external treatment 
system prior to 
recirculation 

Flammability 
and explosion 
risks 

Low High Medium High 

References [20, 30, 31] [32, 33] [28, 31, 34] [35, 36] 
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leachate was treated with Fenton’s reagent outside the cell after each flushing cycle. 
However, they assumed hydraulic conductivity of waste as a constant parameter, 
which is not true in reality. Hydraulic conductivity of waste decreases as the waste 
mass stabilizes with time under recirculation operations of leachate. Furthermore, the 
Fenton’s reagent particles should have clogged the pores, thus reducing the hydraulic 
conductivity to a further extent. Note that Fenton’s reagent has been reported to 
remove the organic content effectively from the mature landfill leachate due to the 
presence of hydroxyl free radical (HO*) [39–41]. 

During the past thirty years, there has been a surge in research on several aspects 
of the BL design framework, such reports have indicated the potential advantages of 
bioreactors and have demonstrated the rise in MSW decomposition and gas produc-
tion at various landfills [17]. Due to potential advantages of BLs as well as more 
frequent regulatory acceptance, a number of full-scale bioreactor and leachate recir-
culation operations have been started in the US [23]. Entire world is showing consid-
erable interest in developing strategies to accelerate the decomposition of municipal 
solid waste (MSW) in landfills. Sustainable landfilling has recently inspired scien-
tific community about MSWM and can be attained by incorporating a long-term 
strategy for the control of emissions and climate change issues into bright aspects 
of traditional landfilling technology and achieve environmental equilibrium over a 
long period of time, as indicated by [50]. 

The rapid waste decomposition executed by BLs can have colossal advantages 
which include quick settlement of the waste which in turn increases the volume of 
waste that can be disposed of in a given landfill footprint, a superior rate of gas 
production which can upgrade the economics of the valuable use of landfill such as 
methane. It can also reform leachate character through recognition of the waste mass 
as a treatment medium, thus reducing leachate treatment costs. Furthermore, rapid 
waste decomposition helps greatly in stabilization of the waste mass prior to final 
cover placement which cuts down long-term maintenance requirements for a final 
cover and finally, a reduction in overall environmental risk can be accomplished by 
achieving enhanced sustainability as indicated by [16, 21, 43, 51, 52]. In addition to 
the above-discussed advantages, bioreactor landfill allows a flexible landfill manage-
ment by recognizing the biological, chemical, and physical processes involved in a 
landfill ecosystem [53]. BLs are designed to improve the inefficiencies of traditional 
landfills, reducing the prolonged stabilization periods [54]. 

3 Future Challenges Associated with Bioreactor Landfills 

Various researchers showed increased levels of waste degradation in relatively wet 
areas during shorter spans of time as verified by an increase in percentage of fines 
up to 50–75% as compared with 35–40% in relatively dryer areas worked out in 
Delaware by [55], Georgia by [56] and in Maryland by [57]. Such results were 
also verified by using biological methane potential tests carried out at landfill sites 
located in the UK and Florida indicated, respectively by [58] and [43]. Thus, it is
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necessary to claim here that solid evidence has been put forward in multiple phases of 
time by a series of studies for achievement of enhanced degradation rates of organic 
biodegradable waste fractions in leachate recirculation landfills. However, the long-
term fate of many other waste constituents is still unidentified and assessment and 
reckoning of the fate of these components have proved challenging to researchers. 
For instance, with the passage of time, in the presence of moisture, sulfides and humic 
substances are expected to bind with heavy metals more frequently and are subjected 
to continued anaerobic processes within the landfill. In such a scenario oxygen and 
water may help in mobilizing metals within the landfill and flush surviving inorganic 
contaminants out of the landfill. Flushing BLs offer probable solutions to the early 
exclusion of soluble inorganic contaminants. Various studies have shown that the 
accelerated introduction of two to four liquid bed volumes decreases the ammonia 
levels significantly as indicated by [59], however application of these tools gives 
rise to many scientific and economic issues. Such situations pose difficult ques-
tions on ultimate environmental sustainability of BLs, which the current study has 
tried to figure out, such as; can such a system be adopted in developing nations to 
achieve global scale sustainability? Can traditional landfills and open dumped sites 
be converted into BLs? What elements to consider while implementing a sustainable 
bioreactor (based on critical appraisal of the published literature)? Can environmental 
conditions develop in such a way that will assimilate these contaminants within toler-
able levels of risk to human well-being or the environment itself? Moreover, can the 
reactor perform to pull out ample resources, such as LFGs, within a logical time 
period? The various other critical issues related to bioreactors remain unanswered, 
which we are highlighting in subsequent sections. For example; [58] investigated 
the effect of anaerobic co-landfilling in simulated BLs on leachate strength obtained 
from a mixture of paper mill-based ETPS (effluent treatment plant sludge) and MSW. 
The results indicated considerable reduction in leachate strength and enhancement in 
biogas production compared to the solo MSW digestion. They also carried the simu-
lation of co-landfilling reactors through the gompertz growth equation to develop 
a sigmoid kinematic model for methane production. However, in their model, they 
neglected the effect of various parameters in the numerical formulations such as 
thermal conductivity and viscosity of leachate subjected to co-landfilling, gas pres-
sure, and biodegradation parameters such as methane diffusion properties. Further-
more, pulverized MSW samples were used in their analysis in very small prismoidal-
shaped lysimeters having dimensions 1.15 m × 0.6 m×0.4 m, such conditions cannot 
conform to the real field conditions of a complex bioreactor landfill system where 
heterogeneity and anisotropy play a major part to control gas production and leachate 
quality. 

3.1 Settlement 

A clear distinction between the secondary compressibility corresponding to settle-
ment of landfill waste under sustained action of load and the biological secondary
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compressibility, which represents the settlement achieved due to accelerated biolog-
ical waste degradation in bioreactor landfills is yet to be explained and may be helpful 
in achieving long-term goals. 

3.2 Sustainable Airspace Recovery 

As it is now well understood that the vertical airspace is recovered due to rapid 
degradation and significant settlement of waste mass, but the effective utilization of 
this recovered airspace in real frames of time should be addressed. This will help us in 
saving utilization of areas under landfill sites and the economy as well. For example, a 
floating dome concept may be helpful in such cases, which are designed for growing 
space and meeting space requirements. One of the future design elements of BL 
should accommodate the fresh incoming MSW instantly into its recovered airspace 
without causing trouble to the overall efficiency of the system. 

3.3 Sampling Challenges at Bioreactor Landfill Sites 

Significant research is required to establish methodologies for performing tests on 
real waste samples in an undisturbed state, while obtaining hydraulic properties in a 
disturbed sample, the structure of waste changes drastically, even in pressure plate 
tests such as a modified tempe cell [59, 60]. Thus, the results obtained for the struc-
tural and hydraulic properties will not represent in-situ conditions of waste as it is 
believed that the disparity in particle size, density, amount of organic matter with 
respect to landfill life and depth modifies unsaturated hydraulic parameters. The 
major research till date known to us has focused on leachate production, collec-
tion, elimination, or its recirculation for justifying accelerated degradation of the 
waste mass. The optimization of important parameters such as non-homogeneous 
and anisotropic nature of waste mass has been ignored. A frequent drawback of the 
testing methods used for investigation of the hydraulic conductivity is its presump-
tions of considering waste as a homogeneous waste mass with equal vertical and 
horizontal hydraulic conductivities. Therefore, the obtained hydraulic conductivity 
value is ambiguous to a larger extent and when such uncertain parameters are used 
in correlations and data equations, it may result in higher disparities. However, some 
researchers tried back calculations for both vertical and horizontal hydraulic conduc-
tivities of paper sludge, conducted on a two-stage setup of borehole permeameter. 
However, TSB tests have not been reported on MSW nor recommended.
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3.4 Challenges with Testing Procedures on Waste Mass 

The tests, techniques, and equipment’s which have been adopted in established 
research for evaluation of various properties of municipal solid waste mass in biore-
actors and also previously in traditional landfills can be roughly categorized into 
direct procedures (giving results directly) such as borehole for direct unit weight, 
dilatometer, CPT, SPT, pressuremeter for measuring (strength, stiffness, lateral earth 
pressure, etc.) directly and indirect procedures (results obtained after back anal-
ysis or inversion of data, modifications, regression) such as electrical and nuclear 
surveys, strong ground motions, stratigraphy, etc. For the measurement of properties 
of waste, if the setup is required to penetrate into the waste, it may be referred to 
as Intrusive procedures and non-Intrusive vice versa, such as evaluation of ambient 
vibrations (e.g., REMI), seismic refraction surveys, spectral analysis of surface waves 
(SASW). Non-intrusive procedures mostly provide indirect measurements of MSW 
properties and are preferred over Intrusive methods by researchers in the perspective 
of being faster, cheaper, and associated benefits of health and safety, but possess a 
variety of drawbacks such as wide variations in data. There are various parameters 
in MSW where tests and methodologies developed so far cannot be applied with 
ample reliability. For example, several researchers in their studies that it is diffi-
cult to measure the shear strength of MSW. In addition, the elements for inversion, 
modifications, and regression of data techniques do not follow a common principle. 
Hence, the variation in data obtained is certain. The inconsistency in measured prop-
erties may be attributed to the interdependence of multiple types of deformations 
caused by secondary compression without change in waste mass, secondary biolog-
ical compression, and due to creep combined with the anisotropic and heterogeneous 
nature of waste properties and biological decomposition processes within the landfill. 
Thus, it is difficult to figure out a particular test or procedure as an approved or recom-
mended procedure in this current frame of time, however for achieving a sustainable 
solution research on this important aspect of bioreactors should be encouraged and 
funded. 

4 Recommendations for Developing Countries 

More efforts are required to address the persisting challenges associated with BLs 
which are highlighted in this paper. However, the current state of bioreactor landfills 
is implementable to cure the damages aimed at our biosphere through unplanned 
and haphazard waste management practices. One of the key challenges is “How do 
we equip the bioreactor landfills worldwide, particularly in developing nations?” or 
in other words, we should conceptualize a road map to switch from open dumping 
to BLs. Various reports have highlighted random waste disposal practices such as 
open dumping even in developed countries. These practices at global level are posing
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significant threats to the environment. The challenges on ground are highly resilient 
to a sustainable integrated waste management policy. 

However, a global level sustainability can be attained by implementing BLs as the 
ultimate solution for MSWM challenges with the help of sustainability science, by 
using its tools such as the concept of nature-society systems and co-production. Co-
production is one of the most vital ideas in the theory, practice, and governance for 
global sustainability. Moreover, also indicated that the perception of co-production 
can be the foundation to achieve global sustainability. Furthermore, co-production 
provides the key framework for critically evaluating the society and implementing 
use of sustainability knowledge in global affairs [61], and guiding the design and 
implementation of international sustainability research and action. Table 2 presents a 
comprehensive approach for effective bioreactor landfill initiation as a viable tool for 
developing countries and also for developed ones where bioreactor landfill strategy 
is in planning phase.

Indiscriminate disposal of MSW in absence of necessary provisions such as daily 
cover and leachate prevention facility is recognized as a dangerous practice in inte-
grated waste management at the global level. The unscientific management of a 
sustainable policy framework by many developing nations has resulted in informal 
recycling and disposing activities that are regularly in conflict with recommended 
and sound waste management practices [12]. However, BLT can be implemented by 
retrofitting these open dumpsites and there are three scenarios that may solve the 
problem:

(a) Scenario 1 (An economic solution) 
In economically weaker countries, such as India, implementing BLT, a new trend 
in waste management practices will require new investments. However, there 
are more long-term benefits associated with BLT, as discussed earlier. Keeping 
such a factor in mind, land costs can be avoided by constructing bioreactor 
landfills at the vacant spaces of dumpsites. This should be designed for holding 
the daily fresh incoming MSW after proper segregation at source. The choice 
of BL may vary after consideration and optimization of various site constraints. 
Co-production should be the common goal between the political organization 
and the scientific community in attaining sustainable solutions through BLT. At 
present, provisions for leachate collection and recirculation facilities can also be 
planned on these waste dumping sites to enhance their biodegradation in order 
to recover the airspace for future planning of BLT. This can indeed prove to be 
a viable economic solution for a step toward IWM. 

(b) Scenario 2 (Minimizing environmental pollution) 
The waste mass at the dumps exhibits varying properties along the depth. We 
may classify it with respect to its leachability. For e.g., the waste mass dumped 
two years before will be more leachable than the one dumped six months ago. As 
the waste mass is dumped and subjected to landfill conditions, it starts degrading 
and leaching out the various harmful contaminants with the percolating liquid. 
When the BLT has operated near the waste dumping sites, it is more appropriate
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Table 2 Roadmap for equipping/retrofitting BLs in developing countries 

Site constraints Design elements 

Select a retrofit site/cell size and optimize 
MSWM bioreactor planning elements [52] 

Optimize landfill geometry, including interim 
height and final elevations 

Optimize land use elements Optimize design/configuration elements of 
overlapping cells with integrated liner and 
cover systems 

Keep the record of climate, precipitation, and 
hydrology of the location, see also [51, 52] 

Optimize liner systems (such as natural clay or 
man-made geomembranes) and liner chemical 
compatibility 

Optimize risk elements such as fault areas, 
seismic impact zones, airports, explosions, etc. 

Optimize design/capacity of leachate collection 
and removal system (LCRS) for uniform 
distribution 

Optimize political, social, legal and 
stakeholders’ concerns 

Optimize design/capacity of gas collection and 
control elements 

Optimize elements for availability of haulage 
vehicles 

Optimize elements to control PH, temperature, 
and odor 

Prepare plans for assisting structures such as 
buildings for control facility 

Carry out discretization of space and for 
storage capacity and those of a final cover 
system at the top of the landfill [62] 

Set a provision of buffer areas and 
Prepare/plan elements for construction of 
access roads toward bioreactor site 

Optimize surface water drainage system 
elements 

Set a provision for availability of cover 
material such as large quantities of soil 

Optimize elements to minimize groundwater 
contamination 

Optimize elements of protection for 
environmentally sensitive areas/issues 

Check the serviceability and overall stability of 
various design elements 

Optimize elements of fencing and Landscaping Optimize elements for groundwater and landfill 
gas monitoring 

Set a provision for a potential beneficial 
end-use after the closure of a bioreactor and 
post-closure plan 

Optimize the overall geotechnical stability of 
the system 

Plan/optimize liquid addition and management 
methods as per location suitability, e.g., [63] 

Carry out the cost–benefit analysis for a given 
location of bioreactor, e.g., [20]

and sustainable to design the BLs for the waste having more leachability poten-
tial. This can also help in starting the post-closure monitoring in a short span 
of time, as the waste mass having higher leachability potential is abundantly 
present in waste dumping sites. The overall environmental pollution will be 
reduced by preventing potential contaminants such as heavy metals, aliphatic 
hydrocarbons etc. reaching underground water tables. The revenue can also be 
generated by collecting the methane at an early stage.

(c) Scenario 3 (A sustainable solution) 
An IWM scheme can be outlined worldwide when operating BLs designed for 
capacity to hold refuse generated on a daily basis as well as waste disposed
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of in open dumpsites. This can lead to a revolution by reducing all negative 
impacts on the biosphere and a vital economy generation system. This can be 
achieved by optimizing various aspects of BLs and encouraging research on the 
promising BLT. 

The improvement and response to the mismanaged landfilling operations, an orga-
nized rehabilitation program must be outlined and executed such as the elements of 
optimization prepared by this paper. This program must consider the various benefits 
of retrofitting and operating dumpsites as bioreactors and must be conceptualized 
accordingly during the planning phase. Further studies must be conducted at pilot 
and lab scales in such developing nations for global environmental sustainability. 

5 Conclusions and Future Scope 

This paper gives an overview about dynamic aspects of bioreactor landfill systems. 
Furthermore, various geotechnical challenges associated with BL systems are investi-
gated. Technical and scientific factors affecting proper understanding of moisture and 
its dynamic behavior of flow through spatial-temporal varied waste mass is reviewed. 
This study provides an opportunity to understand the impedance between LL flow 
and waste mass inside bioreactor landfill design. Since Landfilling lingers to be the 
most crucial part of an IWM system, the need for improved testing procedures is also 
investigated and research urgency on bioreactor landfills for modifications in IWM 
policies are also reviewed in order to reach a sustainable BL scheme. This can help 
also in outlining a proper post-closure monitoring program. Furthermore, recom-
mendable guidelines can be outlined for developing countries by optimizing various 
site constraints. The co-production of such a roadmap provides an opportunity to 
attain sustainability in MSWM through research in its technical aspects and cost-
benefit realization of such a new technology at global scale. Investigations are needed 
to set up definitive guidance charts for standardization of layout of leachate injec-
tion network. This paper opens the scope for implementation of bioreactor landfills 
at global level. Moreover, following important points are concluded by the current 
study and are important for further research and sustainable development of MSWM 
through BL acquisition: 

a. More investigations are required on Facultative type BLs where leachate is nitri-
fied in an external treatment system prior to recirculation, in order to mitigate risks 
of toxic ammonia-nitrogen levels effectively through proper reliability methods. 

b. Limited studies have focused on reducing flammability and explosion risks in 
anaerobic BL systems. High odor emissions from anaerobic BLs due to hydrogen 
sulfide and methane are also a concern to human health and should be addressed 
with further extensive studies. 

c. The fate of various contaminants such as sulfides and humic substances having 
a tendency to bind with heavy metals should be clearly understood.
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d. Factors controlling anisotropic and heterogeneous properties of waste should 
be properly reviewed and a proper decision support and expert system must be 
obtained. 

e. Proper analytical and rational methods are required to calculate the hydraulic 
conductivity of waste mass in BLs having greater reliability than the existing 
methods. 

f. A unified system for proper in-situ leachate treatment plan capable of eliminating 
the toxic levels of all contaminants during leachate injection processes without 
disturbing the optimal levels of pH and temperature for methane extraction is 
need of the hour. 

g. Parameterization of time involved in different settlement stages through accurate 
simulation studies can be helpful for effective utilization of recovered airspace 
in real frames of time. 

h. Optimization of socio-political constraints in developing nations is one of the 
key elements in BL acquisition. In cases of retrofitting, flexibility in BL design 
must be investigated to counter persisting heavy leachate-pollutant load in open 
dumpsites. 

i. While retrofitting existing landfills such as open dumps or LRS into BL systems, 
provisions for handling existing waste at site must be planned in accordance with 
the design elements discussed in various sections of this paper in order to reduce 
contaminant load and pollution impact on the biosphere. 

j. Significant research is required to establish methodologies for performing tests 
on real waste samples in an undisturbed state. Improved testing procedures will 
help to access the holistic performance of the BL system. Sustainability science 
should come forward for addressing issues in BL acquisition worldwide. 
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Smart Dynamic Concrete as Pavement 
Material 

Bhupati Kannur and H. S. Chore 

1 Introduction 

Smart dynamic concrete flows under its own weight, it is easily and quickly work-
able into different structures and is as strong as a conventional concrete. It conserves 
the natural resources and time and requires less maintenance, thus overall carbon 
footprint reduces drastically. Smart dynamic concrete is beneficial in cost, energy, 
and in lowering carbon footprint as there is no need for vibrators. It also improves the 
quality and lowers the deterioration of the pavement due to the elimination of mechan-
ical vibrations which will cause the over-consolidation. The study aimed at strength 
characterization of SDC as pavement material, with fly ash (FA) as supplementary 
cementitious material. 

Yogananda et al. [1] reported that SDC has been successfully used in Sobha 
Indhraprastha, Bengaluru (India), and completed monolithic high-rise concrete struc-
ture of 37 floors. It also eliminates the cement consumption with the use of different 
cement replacing materials. Ravindrarajah [2] concludes that up to 30% ultra-fine 
slag can be used as replacement to cement in production of HS-SCC. SCC is one 
among the most recent and very significant advances in construction industry due 
to its numerous benefits both in the fresh and hardened state [3, 4]. SCC fills all 
the corners of the formwork without honeycombing and subsequently improves the 
quality of the concrete structures [5]. SCC can be produced with the use of indus-
trial discards such as slag, fly ash, metakaolin, etc. [6–10]. Tattersall [11] opined 
that the mass cement replacement with fly ash reduces yield stress of the mixtures. 
Laskar and Talukdar [12] found no change in the yield stress and plastic viscosity 
by replacing the cement with fly ash up to 50%.
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Rheology of SDC mixes with various mineral admixtures, crushed sand, industrial 
wastes, various supplementary cementitious materials (SCM), and polycarboxylate 
ether (PCE) have been studied by many researchers [13–15]. Few studies depicted 
out effect of admixture in SCC by using the dispersing admixtures [16–18]. Ayobami 
et al. [19] studied the strength properties of SCC using different brands of cement 
for pavement application, and concludes that SCC with cement not less than 42.5 
grade can be used in pavement construction as SCC with cement grades above 42.5 
shows highest compressive strengths at 3 days and above. Also, the flexural strength 
at 28 days is of about 4.54 MPa which is more than the specified value of 4.5 MPa 
for pavement construction. Study was restricted on the selected brands of cement. 

The SDC mix design is unique with optimization of binder content (low fines). 
There are many studies on the effect of mineral and chemical admixtures along with 
the different types of aggregates on the rheological behavior of SCC. However, the 
studies with respect to the smart dynamic concrete (SDC) are less. It can be observed 
from the literature review that relatively less research is reported on the strength of the 
SDC, especially in a view to use it in the pavement construction. On this backdrop, the 
present study reports the laboratory investigation on fresh and hardened properties 
of smart dynamic concrete with the use of fly ash as a partial to cement to validate 
SDC as a pavement construction material. 

2 Materials and Mix Proportion 

The matrix of concrete included OPC 43 confirming to of IS 8112: 2013 [20], Fly ash 
(FA) class F confirming to IS: 3812 (Part-I)—2003 [21] as supplementary cemen-
titious material (Fig. 1). Natural aggregates with maximum size of 12.5 mm good 
quality well graded natural (river) sand (NS) are used as coarse and fine aggregates, 
respectively. 

(a) OPC (b) Flyash 

Fig. 1 Cementitious materials used in the study
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Table 1 SDC mix proportion Mix ref. OPC (kg/m3) FA (kg/m3) SP (%) 

OP 420 0 0.62 

F2 336 84 0.60 

F3 294 132 0.56 

F4 252 168 0.53 

F5 210 210 0.50 

(OP-100% OPC, FA 2–20% FA, FA 3–30% FA, FA 4–40% FA, 
FA 5–50% FA) 

Physical analysis of aggregate obtained following systematic laboratory inves-
tigations carried out. A specially formulated Polycarboxilate ether-based TamSem 
53SP, high range water reducer was used in this study. 

Five different smart dynamic concrete mixes have been developed. The OPC has 
been replaced by various percentages of Fly ash, maintaining volume of the mix 
paste (35%), w/b ratio 0.39, and constant flow of concrete (650 ± 10). The details of 
the mixes are presented in Table 1. The volume of aggregates has been determined 
by subtracting the volume of paste from the total volume of the mix. The weights of 
contents have been determined by using the specific gravity and mass relationship. 

3 Results and Discussion 

3.1 Fresh Properties of SDC 

The mixes thus developed were tested for their fresh properties such as slump flow, 
V- funnel time, L- box ratio, and T50 time. The results are in line with the EFNARC 
[22] guidelines. 

The flow values are in the range of 640–660 mm. The flow values increased with 
increased percentages of fly ash. The V-funnel (in sec) values are in the range of 9– 
12 s. The L—box ratio varies from 0.84 to 0.86 and T50 (in sec) values range from 
7 to 9. All the fresh properties ensure the required range of workability to achieve 
the compaction without the use of external vibratos which is critical for the Smart 
dynamic concrete. 

From the fresh properties of the SDC it can be stated that this type of concrete can 
effectively be used for the construction of the rigid pavements with edge supports or 
the form work as it flows freely and it has less shape stability in the fresh state. Thus 
it can be used on the plane terrain with negligible change in the grade change and 
camber.
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Fig. 2 Compressive strength of SDC with FA 

3.2 Mechanical Behavior of FA-Treated SDC Mixes 

3.2.1 Compressive Strength 

Compressive strength of all the five mixes is determined as per IS: 516-1959 [23] 
corresponding to curing intervals of 7 and 28 days. Addition of fly ash into the OPC 
reduced the compressive strength at early age. The results of compressive strength 
test at curing periods of 7 and 28 days are as presented in Fig. 2. It shows that the 
strength of control SDC and F20 mixes are above 40 MPa at 28 days of curing. On 
the other hand all the SDC mixes with FA up to 50% have got 28 days of strength 
above 30 MPa. Up to 20% addition of FA the strength results were found to increase. 
Further, above 20% the addition of FA reduced the strengths at both 7 and 28 days 
of curing periods. 

Thus, all the mixes with strengths above 30 MPa can be used in rural road pave-
ments, and above 40 MPa strengths can be used for normal (urban) road pavement 
construction as per the recommendations of IRC: 44—2008 [24]. 

4 Conclusion 

Based on the laboratory investigation on the strength of the SDC mixes with addition 
of fly ash as cement replacing material in view of its applicability as pavement 
material findings can be summarized as follows.
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1. The use of fly ash solves not only the problem of waste disposal, it saves the 
natural resources and thus proves to be sustainable technique. 

2. Addition of fly ash up to 20% provides compressive strength above 40 MPa. 
Thus, the mixes can be used as rigid pavement material for all normal roads. 

3. All other combinations result in minimum 30 MPa of 28 days compressive 
strength. All the mixes can be used in the rigid pavements in rural roads (low 
traffic roads). 

4. Thus, smart dynamic concrete which is an easy and cost economic technique can 
be used in the rigid pavement construction either in urban or low-volume village 
roads. 
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Strength Evaluation of Fly Ash-Based 
Geopolymer Mortar by Using 
Ground-Granulated Blast Furnace Slag 
and Ordinary Portland Cement 

Abhishek Sharma, Kanish Kapoor, and Paramveer Singh 

1 Introduction 

Geopolymers are ceramic-like materials formed by the reaction of aluminosilicate 
source materials with the presence of alkaline activators [1]. They are environmen-
tally friendly materials since the manufacturing of raw materials for geopolymers 
needs less energy consumption than Portland cement (PC). The production of PC 
includes the use of a considerable amount of fuel, which results in significant CO2 
emissions [2]. In the past few years, there has been a surge in interest in research into 
the production of geopolymers concrete. When we compared the cement concrete, 
with the geopolymer concrete, it shows equivalent mechanical properties and good 
durability properties [3, 4]. Geopolymer is a new cement-free binder that claims 
to be a more sustainable and environmentally friendly and sustainable alternative 
to OPC. It is made from geological resources, like Metakaolin (MK) or industrial 
by-products, for example, FA and GGBS, which are high in silica and alumina with 
the help of alkaline activators [5, 6]. According to the study, the manufacture of 
FA-based geopolymer consumes around 60% less energy and produces at least 80% 
less CO2 than the production of OPC [7]. The various researcher utilized FA, MK, 
and GGBS as the main aluminiosilicate source of geopolymer concrete [8]. Sodium 
and potassium-based alkaline solutions are the most commonly utilized, as they acti-
vate the base materials. Sumajouw et al. [9] have done a lot of research on FA-based 
geopolymer concrete. They stated that concretes may be made by combining FA with 
sodium silicate and sodium hydroxide solution. Geopolymer concretes demonstrated 
optimal engineering characteristics after 24 h of heat curing at 60C. It is critical to 
emphasize that the geopolymerization process is dependent on the curing procedure.
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The geopolymerization process accelerates as the temperature rises, and the strength 
of the products improves as the curing time increases [10]. This study is focused 
on the strength improvement of the FA-based geopolymer mortar in ambient curing 
conditions in the presence of Ca-rich materials. For the activation of FA, GGBS and 
OPC were used in small doses 0%, 10%, 20%, respectively. 

2 Experimental Program 

2.1 Materials 

Fly ash, GGBS, and OPC 

In this study, FA was used as the main binder for making GPM. Along with the FA, 
GGBS and OPC were also used as additive materials. The FA, GGBS, and OPC 
were collected from Rajpura thermal plant Punjab India. The physical and chemical 
composition of FA, GGBS, and OPC was shown in Table 1. Locally available river 
sand was used as natural fine aggregates (NFAs). The water absorption and specific 
gravity of NFA are 1.5% and 2.53, respectively. The fineness modulus of the NFA is 
2.34. 

Alkali activator 

In this study, the sodium hydroxide and sodium silicate solution are used as alkali 
activators. For making a solution of sodium hydroxide, the molarity was kept constant 
at 12 M. However, the ratio of sodium silicate to sodium hydroxide was fixed at 2. 
In the sodium silicate solution, the ratio of SiO2 and Na2O was 3.02. The property 
of the alkali activator was shown in Table 2.

Table 1 Chemical 
composition of fly ash, 
GGBS, and OPC 

Properties FA (%) GGBS (%) OPC (%) 

SiO2 56.50 33.1 22 

Al2O3 17.70 18.2 7 

Fe2O3 11 0.31 5 

CaO 3.20 35.3 61 

MgO 2.30 7.6 3 

Loss of ignition 1.20 0.26 1.2 
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Table 2 Property of alkali activator 

Property Sodium hydroxide Sodium silicate 

Molecular formula NaOH Na2SiO3 

Na2O content (%) – 9 

SiO2 content (%) – 27.2 

H2O content (%) – 63.8 

2.2 Mix Proportion 

The cube specimens having a size 70.6 mm were caste at various proportions of FA 
with GGBS and OPC. The GGBS and OPC were partially replaced with FA at 10 and 
20% in the GPM mixes. The alkali (Al) by binder (bi) ratio (Al/bi) was kept constant 
at 0.45 for all the mixes. The sodium hydroxide was prepared one day before mixing. 
The sodium silicate and sodium hydroxide were mixed one hour before mixing at 
2 ratios 1. In the initial stage of the mixing, the binder and NFA were mixed in the 
dry state for 5 min; after that alkali activator was poured into the mixture and further 
mixed for 2 min. In the final stage, the mortar was then poured into the cube mold 
having a size 70.6 mm. To avoid the water evaporation of the specimens, it was sealed 
with a vinyl polyethene bag during the initial stage of curing. In the experiment, two 
different curing conditions were taken into use, i.e., ambient curing and heat curing. 
For heat curing, the curing temperature was fixed at 60 °C. The mix proportion for 
all the mixes was shown in Table 3. 

Table 3 Mix proportion of the mixes 

Mix notation Mix description Mortar mixture quantity (Kg/m3) 

FA CGBS OPC NFA NAOH Na2Sio3 

F100 100% FA 500 – – 1500 150.4 75.22 

F90G10 90% FA + 10% G 450 68.35 – 1500 150.4 75.22 

F80G20 80% FA + 20% G 400 136.92 – 1500 150.4 75.22 

F90C10 90% FA + 10% C 450 – 75.54 1500 150.4 75.22 

F80C20 80% FA + 20% C 400 – 151.42 1500 150.4 75.22
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3 Experimental Program 

3.1 Flow Value 

The flow value of the GPM mixture is determined in accordance with IS code: 5512-
19,383 [11]. The flow value of the GPM is determined right after the mixing is 
done. 

3.2 Compressive Strength 

The compressive strength of GPM is done in accordance with IS 4031-7 1998 [12]. 
For calculating the compressive strength of GPM mixes, a cube of having a size 
70.6 mm is used. The compressive strength is calculated after the 3, 7, and 28 days 
of curing periods. 

3.3 Water Absorption 

The water absorption of all the GPM mixes was calculated as per ASTM C642-13 
[13]. For calculating the water absorption, 70.6 mm cube specimens were used at 
28 days of curing periods. Three identical specimens were oven-dried at 105 °C for 
24 h, and their weight was measured as initial weight. After that, the specimens were 
submerged in water for 24 h, and their weight was measured as the final weight. 

3.4 Acid Attack 

The acid attack test was conducted in accordance with ASTM C267 (2012) [14] at  
28 days of the curing period. The acid attack test was investigated on a sample by 
immersing the specimens in 5% sulfuric acid solutions. To check the acid resistance 
of the mixes, we use cube specimens were used having sizes 70.6 mm.
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Fig. 1 Effect of various GGBS and OPC percentages on the workability of geopolymer mortar 
mixes 

4 Result and Discussion 

4.1 Fresh Properties 

The effect of GGBS and OPC on the workability of GPM is shown in Fig. 1. The  
result shows that the inclusion of GGBS and OPC at various amounts reduces the 
workability of the geopolymer mortar. FA contains spherical particles, which give a 
lubricating effect when combined with the alkaline activator and tend to give better 
workability, while GGBS has angular particles, which have an impact on workability. 
Figure 1 depicts that the inclusion of OPC and GGBS 0, 10, 20% show a reduction in 
the workability of the geopolymer mortar. The highest slump flow value of 112 mm 
was obtained for the control mix F100 which contains 100% FA content, while the 
lowest slump flow value of 92 mm was obtained for the mix F80G20, having 20% 
GGBS content. Similarly, the inclusion of 10% and 20% OPC content also showed 
a reduction in slump flow value of 5% and 10%, respectively. 

4.2 Effect of GGBS and OPC on Compressive Strength 

The compressive strength result of ambient and heat curing was shown in Fig. 2a and 
b. Figure 2a shows the compressive strength results at 3, 7, and 28 days of ambient 
curing. The results revealed that for mix F100, having 100% FA, the compressive 
strength of the geopolymer mortar was substantially low. However, the addition of 
GGBS and OPC content from 0 to 20% shows a considerable increment in compres-
sive strength. For mix F90G10, having 10% GGBS, the percentage increment of 
compressive strength was 212, 188, and 170% for 3, 7, and 28 days of curing. Simi-
larly, for mix F80G20 containing 20% GGBS content, the compressive strength
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Fig. 2 Compressive strength of GPM at different curing a ambient curing b heat curing 

showed 675, 553, and 500% increment as compared to the control mix. Similarly, 
mix F90C10 and F80C20 shows the strength variation of geopolymer mortar when 
FA content was replaced by OPC content from 10 to 20%. The compressive strength 
of mix F90C10 having 10% OPC was replaced by the FA shows the 350, 444, and 
395% increment at 3, 7, and 8 days of curing. Furthermore, mix F80R20 containing 
20% substitution of OPC in FA shows 762.5, 644, and 608%. However, the strength 
achievement is due to the addition of OPC and GGBS in the FA-based GPM. The 
addition of OPC and GGBS helps to accelerate the geopolymer reaction which is 
responsible for the strength achievement [15, 16]. 

Similarly, Fig. 2b shows the result of compressive strength results at 3, 7, and 
28 days of heat curing at temperature 60 °C. The compressive strength of the control 
mix was reported as 5.4, 9.61 and 13.4 MPa at 3, 7, and 28 days of curing. For mix 
F90G10 having 10% GGBS substitution, the compressive strength increment was 31, 
52, and 25.37%. Similarly, for mix F80G20 having 20%, GGBS content was added; 
the percentage increment was 209.25, 115, and 114% at 3, 7, and 28 days of curing 
as compared to control mixes. However, the mix F90C10 and F80C20 having 10 and 
20% OPC content also shows a similar trend of increment of compressive strength. 
For example, mix F90C10 having 10%, OPC shows 27.7, 6.13, and 18% increment 
in strength at 3, 7, and 28 days of curing as compared to control mix. Similarly, mix 
F80C20 shows the 185, 93, and 90% increment in strength at 3, 7, and 28 days of 
curing as compared to the control mix. 

4.3 Water Absorption 

The water absorption of the mixes was done after 28 days of curing. Figure 3 shows 
the result of water absorption of ambient and heat curing mixes. The result reveals 
that the ambient curing mixes show more water absorption as compared to heat curing 
mixes. Furthermore, the increased percentage of GGBS and OPC content in the mixes
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Fig. 3 Water absorption 

shows a decrease in the water absorption value. For example, mix F90G10 having 
10% GGBS shows the 8.77% decrement in the water absorption. Mix F80G20 having 
20% GGBS shows the 11.65% decrement in the water absorption as compared to 
control mixes. However, the mix F90C10 having 10% OPC shows the 9% decrement 
in the water absorption as compared to control mixes. Similarly, mix F80C20 having 
20% OPC shows a 13.87% decrement in water absorption. The decrement in the 
water absorption is due to the microstructure of mixes being improved with the 
addition of GGBS and OPC [17, 18]. The dense structure of concrete absorbed less 
water and increases the durability properties of concrete [19]. 

Similarly, heat curing with the addition of 10% GGBS shows a 17.89% decrement 
in water absorption as compared to the control mix. Furthermore, mix F80G20 having 
20% GGBS shows the 22.37% decrement in the water absorption as compared to the 
control mix. However, mix F90C10 and F80C20 having 10 and 20% OPC content 
shows a 13.71% and 15.15% decrement in water absorption as compared to the 
control mix. 

4.4 Acid Attack 

Figure 4 shows that the weight change in the specimens after being exposed to the 
acidic solution after 28 days in 5% concentrated H2SO4. The result depicts that it 
was no significant change in weight was observed in both ambient and heat curing 
specimens after 28 days of exposure. The result also shows that with the increase 
in the OPC and GGBS content in the mixes the weight loss is marginally increased. 
Furthermore, the mixes having 10% and 20% OPC show more loss in weight as 
compared to the mixes having 10% and 20% GGBS, respectively. Weight losses in 
the mix containing 20% OPC were mostly driven by the interaction of the calcium 
hydroxide which is present in the mixes and the acid [20].
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Fig. 4 Weight loss in geopolymer concrete 

5 Conclusion

• The substitution of the GGBS and OPC in the FA-based GPM enhanced both the 
early and later-age properties.

• With the inclusion of GGBS and OPC, the slump flow decreases marginally.
• The substitution of 20% GGBS and OPC is showing the good mechanical prop-

erties of the GPM. With the inclusion of GGBS and OPC in the mixes, the water 
absorption decreases significantly.

• The result of the acid attack shows that with the inclusion of GGBS and OPC the 
GPM mixes show more weight loss. 
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Sustainable Technique to Reduce Sea 
Pollution During Boring Operation 

Hitendrabhai S. Dewangan and Aashish A. Mehta 

1 Introduction 

Rapid population growth requires creation of new infrastructure. Rapid growth of 
infrastructure projects in land and sea increases the pollution in all over the world. 
This pollution may be due to industry, thermal power plant, transportation, agricul-
ture production, and marine offshore works. In offshore and marine piling work, 
drilling/boring supporting fluid is used to stabilize the borehole (excavation) prior to 
tremie concrete [1–6]. Mineral-based slurries (bentonite) or polymer support fluids 
are mainly used as supporting fluids. The effect of support fluids on the performance 
of deep foundation elements must be considered at the design stage. The type of 
support fluid can have a significant effect on both the geotechnical and the structural 
performance. 

Bentonite have excellent suspensive waterproofing and lubricating characteristics. 
While using bentonite as supporting fluid, fines, and drill (drilling muds) cuttings 
are suspended in the form of fluid. During (boring operation) through granular soil, 
bentonite fluids form a filter cake to stabilize soil. Sodium activated bentonites, 
normally form thin and strong filter cakes. Pile shaft resistance decrease due to 
smear effect when bentonite fluid used for clayey type of soil. Usage of bentonites, 
is recommended as drilling fluid mixture for borehole stabilization. 

The poly-fluid is a synthetic drilling granular polymer characterized by high 
molecular weight. It is mainly used for the preparation of stabilizing and lubrication 
mud in drilling of deep foundations.
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Disposal of bentonite/polymers after using it into the sea, pollutant the sea environ-
ment, which may be harmful for living organisms inside sea. Hence, it is essential to 
reused and disposed it ecofriendly. This paper highlights new method ology to reuse, 
recycled, and disposed it ecofriendly. Once the pile bore hole has been completed 
and concreting is initiated, the used slurry will be brought back to the tanks desig-
nated for storage. To reuse the stored slurry for further pile bore hole it must be 
regenerated. To regenerate, the reclaimed slurry will be transferred to the polymer 
mixing tank. Check and note the fluid characteristic of regenerated slurry in mixing 
tank. Based on the testing results (viscosity, density, and pH value), the amount of 
fresh materials/polymer to be added can be determined. Finally, initiate water flow 
and air agitation as required. Run the tests on the regenerated slurry before transfer-
ring to storage tank. Also, after storage, bentonite/polymers will be reused for next 
operation. Moreover, mud wastage coming from borehole will also be disposed at 
suitable dumping places. 

2 Construction Details 

A. Process of Boring Operation in Sea 

Boring operation carried out with performing following stages (Fig. 1). 

JUB Positioning/ 
Survey Work 

Pile Guide Fixing Liner Pitching 

Tremie lowering 
Pile Cage 

Lowering continue 
flushing-

bentonite/polymer 

Pile Boring using 
Hydraulic Rig & 

bentonite/polymer 
flushing 

Test the drilling 
mud collecting 
from borehole-

sampler 

Test the drilling 
mud-pH Value, 

viscosity & 
Density 

Concreting in piling 

Fig. 1 Flowchart showing process of boring operation in sea
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I. Pile Casing/Liner Pitching 

– Pile guide arrangement will be made for the casing driving. Crane mounted 
on jack up will be used for lifting of liner and positioning inside the pile 
guide. 

– After positioning Vibro/Monkey hammer will be attached at the top of the 
liner using crane and then casing will be driven up to its refusal. 

– The position of the casing shall be within the tolerance of 75 mm vertically. 
The verticality of casing will be checked with plumb bob/spirit level tube. 

II. Pile Boring 

– Pile boring will be carried out using hydraulically operated rotary rig using 
direct or reverse circulation technique. Provision will be kept for percus-
sion boring and chiseling within the borehole in case of any underground 
obstruction/hard strata. 

– Diameter of boring tool will be little less, maximum 75 mm less than inner 
diameter of casing for free moment in the casing during operation of boring. 

– Verticality of Kelly bar of piling rig will be ensured till the completion of 
bore hole. 

– The pile boring will continue till the founding level. 
– After completion of boring, proper clean-out buckets will be utilized to 

remove any sediment or remaining loose soil from the bottom of the pile. 

III. Termination of Borehole 

On completion of pile boring up to founding level, bore depth shall be checked 
by using sounding chain and bore shall be terminated. 

IV. Tremie Lowering and Flushing 

– After completion of reinforcement cage lowering into the pile, tremie pipes 
lowering will be commenced each tremie pipe unit must be measured and 
recorded jointly tremie lowered till the bottom of the tremie is between 
300 mm from the bottom of the pile. 

– Tremie pipes of 250 mm dia. will be used for concreting. 
– Tremie head to be provided to the tremie pipe for the flushing activity. The 

bore will be cleaned by water/air flushing or by fresh mud circulation method. 
– Flushing will be carried out to ensure that the borehole is free from all loose 

sediments which may have accumulated from the boring operations. Flushing 
operation shall be continued till the consistency of inflowing and out flowing 
slurry is similar (Fig. 2).
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Fig. 2 Barge and Jack-up barge positioning and alignment of piles 

3 Selection of Supporting Fluid 

Bentonite 

Bentonite is the most commonly used mineral additive for support fluid. Bentonite is 
a clay composed primarily of montmorillonite clay minerals which can absorb water 
to many times their own weight. When added to water, relatively small amounts 
of bentonite form a colloidal mixture with the effect of increasing the viscosity of 
the fluid over that of water, along with a small increase in unit weight. Besides the 
viscosity and unit weight, bentonite has the beneficial property of forming a filter 
cake on the face of the excavation which acts to restrict fluid loss into the surrounding 
soil and allow a positive hydrostatic head to be maintained within the excavation. 

Polymers 

The polymers are often synthetic long chain or high molecular weight (typically 
partially hydrolyzed polyacrylamides, or PHPAs) though as presented in this guide, 
other types of polymers can be used. Within the polymer types, different performance 
requirements can also be accepted (Table 1). 

Table 1 Types of polymer 

Poly-fluid™ Premium grade dry polymer Soil stabilization for piling and special 
foundation 

Poly-clear™ Cleaning agent thinner Excavation cleaning and sedimentation 

Poly-matrix™ Cross linking liquid polymer 
prevention 

Increase solid suspension, mud loss
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Table 2 Comparison analysis between polymer and bentonite 

Item Polymers Bentonite 

Mixing and hydration Mixing time is less than 30 min Minimum 24 h required for 
hydration of bentonite 

De-sanding equipment De-sanding not required for 
polymer 

De-sanding equipment 
required to clean bentonite 
slurry before reuse 

Flushing Flushing is required for at least 
30 min 

Flushing required for at least 
3–4 h to clean the pile toe 
before concreting 

Site productivity Increase the productivity by 
10% as less flushing required 

Site productivity is low due to 
flushing 

Concrete over consumption Soil stabilization is better with 
Eco DF products 

– 

Environment Eco DF products are 
environment friendly 

Bentonite is not environment 
safe 

Slurry disposal after use Very easy Difficult 

Storage and handling at site 80 times less Difficult 

4 Criteria to Select Supporting Fluid as Bentonite 
or Polymers 

Both the bentonite and polymer we are selecting for any type of strata of soil. Gener-
ally, we are using the bentonite and polymer in sandy, clayey strata and silty soil, 
whereas in case of hard rock, soft rocks like sand stone. Normally, we are using water 
flushing type, water flushing type required in the hard and soft rock (Table 2). 

5 Sustainable Technique to Reduce Sea Pollution During 
Boring Operation 

In this approach, cutting in casing/liner in the form of window is used to collect the 
bentonite/polymers in tank. Also, after storage, bentonite/polymers will be reused for 
next operation (Fig. 3). Moreover, mud wastage coming from borehole will also be 
disposed at suitable dumping places. Details of methodology adopted with equipment 
are as follows.

1. Slurry plant 

Set up for poly-fluid slurry plant to be done considering pile volume and desired 
production. For mixing of poly-fluid usage of positive displacement pumps and 
centrifugal pumps also used. The supply and retrieving lines of 4–6 inch pipes should
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Fig. 3 Flowchart showing sustainable technique to reduce sea pollution during boring operation

be used. Proper slurry agitation can be provided by using a compressed air system 
or by proper circulation through pumps. 

2. Batching plant Schematic 

The installation of the slurry plant must allow all operations to be carried out at the 
same time. Mixing, sending, and receiving slurry without interfering with production 
rate. The sedimentation tanks are extremely important in the returning slurry’s self-
cleaning process by sedimentation and must be incorporated in a batching plant 
layout. 

3. Mixing 

Before mixing poly-fluid fresh water is to be treated with sodium hydroxide/soda 
ash at a dosage of 0.5 kg/m3 to regulate the pH to 9–12 poly-fluid polymer is then 
slowly mixed directly in the flow of water at a dosage from 0.8 to 1.2 kg/m3 of water. 
Viscosity of the slurry after adding recommended dosage of poly fluid will range 
from 55 to 70 s the poly fluid slurry can now be used for excavation. 

4. Excavation/Drilling 

Prepared poly-fluid slurry is to be pumped to the excavation to stabilize the bore. A 
minimum of 3 m of overhead pressure to be maintained during the excavation all the 
time. Compensation basin/slurry pool is recommended to maintain the slurry level 
drop while retraction of an excavation tool. 

5. Recycling 

Poly-fluid slurry recovered after concreting is stored back to the tanks. The slurry can 
be used again readjusting the parameters to the recommended values. The adjustment
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For Polymer 
0.8kg/m3 1.2kg/m3 

1.2 1.2 1.2 

0.8 0.8 0.8 

50-140 
Viscosity(sec) 

≤1.06 
Density(g/cm3) 

<3% 
Sand Content(%) 

Fig. 4 Graph showing testing results of standard parameters for polymers 

can be done by adding poly fluid polymer directly into the excavation or in the mixing 
tank. 

6. Disposal 

As per regulatory requirements, poly-fluid polymer slurry may be broken down using 
household bleach (5% sodium hypochlorite) at a ratio of 1:1 of bleach as the amount 
of polymer used in slurry. This is then mixed well with any recirculating pumps 
before disposal to landfill and land farming. 

6 Testing of Supporting Fluid 

Tests performed to identified measurable properties that characterize the nature and 
properties of a support fluid. Testing of supporting fluid were performed prior to 
concrete and before reused to satisficed various performances parameters as follows 
(Figs. 4 and 5; Tables 3 and 4).

7 Conclusion 

To reduce the pollution in offshore/Onshore it is essentially to take the precau-
tions during flushing proper recycled, re- used and Disposed at proper place. After 
performing field trials based on proposed methodology, pollution in sea environment, 
inside sea can be reduced to a larger extent.
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For Bentonite 
6% 9% 

9 9 

30-60sec 1.034-1.11 9-11.5 

Viscosity (Sec) Density(g/cm3)  p H value(%) 

Fig. 5 Graph showing testing results of standard parameters for bentonite 

Table 3 Test on polymer to evaluate standard parameters during different stages 

Parameters Fresh mix Reused slurry Prior to concrete Minimum polymer (kg/m3) 

Viscosity (s) 65–140 55–140 50–140 0.80 

Density (g/cm3) 1.00–1.04 ≤1.05 ≤1.06 0.80 

Sand content (%) – <2% <3% 0.80 

Table 4 Test on bentonite to evaluate standard parameters during different stages 

Parameters Fresh mix Reused slurry Prior to concrete Minimum bentosund 120E (%) 

Viscosity (s) 30–60 s <60 s 30–60 s 6 

Density (g/cm3) 1.034–1.11 <1.2 1.034–1.11 6 

pH 9–11.5 <12 9–11.5 6
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