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Preface

In recent years, the civil engineering profession has been focusing on various
environmental concerns, sustainable developments and safety of structures sub-
jected to natural hazards and environmental impacts. The Second International
Conference on “Trends and Recent Advancement in Civil Engineering (TRACE)”
was organized by the Department of Civil Engineering, Amity University, Uttar
Pradesh, Noida, India, on 23 and 24 August 2018.

TRACE 2018 focused on advances and rapid evolution of various areas of civil
engineering. The conference witnessed participation and presentation of research
papers (reviews and original articles) from academia, industry experts and
researchers from R&D centres from India and abroad. The conference proceedings
have been classified under the following five book titles:

• Advances in Sustainable Construction Materials and Geotechnical Engineering
• Advances in Transportation Engineering
• Advances in Structural Engineering and Rehabilitation
• Advances in Energy and Built Environment
• Advances in Water Resources Engineering and Management

This book titled Advances in Sustainable Construction Materials and
Geotechnical Engineering covers various review and research papers on recent
Advances in Sustainable Construction Materials and Geotechnical Engineering. In
total, 25 papers have been selected for publication as included in this book. The
papers related to sustainable construction materials include the utilization of various
industrial by-products such as paper industry sludge, glass powder, metakaolin,
chopped fibres, waste tyres, fly ash, blast furnace slags and recycled coarse
aggregates used as addition and/or replacement of conventional construction
materials for the construction industry. Some papers are also related to the devel-
opment of innovative construction technology, such as geopolymer technology as
an alternative to conventional construction applications. Such efforts not only
alleviate the disposal problems of industrial by-products but also make the con-
struction industry more sustainable. On the other hand, the papers from geotech-
nical engineering are related to the study of the effect of various parameters and
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numerical analysis on laterally loaded piles and also the improvement of soil
subgrade utilizing plastic wastes, municipal solid wastes, fly ash, etc. It is believed
that this book will be highly useful for a fairly wide spectrum of people, including
researchers, field engineers, industry managers and civil engineering students.

We would like to thank Ms. Swati Mehershi, Dr. Akash Chakraborty, Ms. Rini
Christy and the whole Springer team, for their full support and cooperation at
various stages of the preparation and production of this book.

Perth, Australia Sanjay Kumar Shukla
Kharagpur, India Sudhirkumar V. Barai
Hisar, India Ankur Mehta

vi Preface



www.manaraa.com

Acknowledgements

The conference was organized to fulfil the vision of Honourable Dr. Ashok K
Chauhan, Founder President of Ritnand Balved Education Foundation (RBEF), and
under the able leadership of Honourable Dr. Atul Chauhan, Chancellor, Amity
University, Uttar Pradesh, Noida, India. I am honoured to organize this prestigious
conference which connected the world’s foremost industries with the topmost
academia.

I express my sincerest thanks to all the lead speakers and authors of original
research papers for their contribution. I also express my thanks to all the reviewers
for their cooperation in the review process. I am happy to express my deep sense of
gratitude to our publication sponsor Springer for publishing the conference
proceedings.

I express my warm gratitude towards all our sponsors: academic partners:
Liverpool John Moores University, UK, and National University of Malaysia;
industry partner: Defence Infrastructure Planning and Management (DIPM)
Council of India; knowledge partners: Institution of Civil Engineers (ICE), Indian
Association of Structural Engineers (IAStuctE), Women in Science and
Engineering (WiSE), Indian Geotechnical Society (IGS) and Indian Buildings
Congress (IBC); platinum sponsor: Ministry of Water Resources, River
Development and Ganga Rejuvenation; gold sponsor: J K Cement Ltd.; supporting
sponsor: Bentley, HEICO, VCL Group, BL Goel & Co., Subham Builders,
Innovative Construction and Consultants, Satya Sai Builders and Contractors Pvt.
Ltd. and Megde India Projects OPC Pvt. Ltd.

Finally, I compliment my team for their hard work and enthusiasm to make
TRACE a success story. I am confident that TRACE 2018 will allow exciting and
meaningful conversations, partnerships and collaborations in construction tech-
nology and infrastructure growth.

Dr. Ankur Mehta
Organizing Secretary, TRACE 2018

vii



www.manaraa.com

Contents

Development of Geopolymer Concrete for Sustainable
Infrastructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Rohan Jethwani, Mohit Singh Thakur and Satadru Das Adhikary

Feasibility of Using Paper Industry Sludge Containing Calcium
Carbonate in Manufacturing Bricks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Brij Bhushan, Upasana Grover, Siby John and Varinder S. Kanwar

Experimental Investigations on Fly Ash Geopolymer Mortar . . . . . . . . 29
Sanghamitra Jena and Ramakanta Panigrahi

Three-Dimensional Numerical Modeling of Underground Powerhouse
Complex of 720 MW Mangdechhu Hydroelectric Project, Bhutan . . . . . 39
Arvind Kumar Mishra and Iqrar Ahmed

Enhancement of Sustainable Mortar by Using Fine Glass Powder . . . . . 65
Anand B. Zanwar and Yogesh D. Patil

Characteristics of Concrete Prepared with Metakaolin and Recycled
Coarse Aggregates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Rakesh Muduli and Bibhuti Bhusan Mukharjee

A Relook on Dosage of Basalt Chopped Fibres and Its Influence
on Characteristics of Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Sanket Rawat, Rahul Narula, Nitant Upasani and G. Muthukumar

Influence of Nano-modification on Strength Parameters
of Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Himanshu Sharma, Basit Majeed and Sanjay Sharma

Relevance and Assessment of Fly Ash-Based Sintered Aggregate
in the Design of Bricks, Blocks and Concrete . . . . . . . . . . . . . . . . . . . . . 107
Dhriti. R. Pal, J. P. Behera and B. D. Nayak

ix



www.manaraa.com

Influence of Microstructure of Geopolymer Concrete
on Its Mechanical Properties—A Review . . . . . . . . . . . . . . . . . . . . . . . . 119
Amer Hassan, Mohammed Arif and M. Shariq

Effect of Placement of Waste Tyre Fibres on Unconfined
Compressive Strength of Clayey Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Mohit Mistry, P. Venkateshwarlu, Shruti Shukla, Chandresh Solanki
and Sanjay Kumar Shukla

Numerical Investigation of Uplift Behaviour of Bell-Shaped
Anchor in c-/ Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Arya Das and Ashis Kumar Bera

Improving the Soil Subgrade with Plastic Waste
Reinforcement—An Experimental Study . . . . . . . . . . . . . . . . . . . . . . . . 153
Alka Shah and Hiral Modha

Numerical Analysis of Behavior of Single Pile in Layered Soil
Against Lateral Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
Shahnwaz Ahmed, Md. Rehan Sadique, Mudassir Ali Khan
and Vishwas A. Sawant

Determination of Liquefaction Potential of NCR Region . . . . . . . . . . . . 171
Sanjeev Mukherjee, Vardhman Jain, Akshay Gupta
and Dev Anand Pandey

Pseudo-dynamic Approach to Quantify the Effect of Vertical
Seismic Acceleration on Reinforced Retaining Wall
for c-/ Soil Backfill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
Ashish Gupta and Vishwas A. Sawant

Effect of Slope Angle and Edge Distance on Laterally Loaded
Flexible Pile Embedded in Sandy Ground . . . . . . . . . . . . . . . . . . . . . . . 195
Bhishm Singh Khati and Vishwas A. Sawant

The Development of a New Low Carbon Binder for Construction
as an Alternative to Cement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
Ali Abdulhussein Shubbar, Monower Sadique, Hayder Kamil Shanbara
and Khalid Hashim

Developing a Premium Cementitious Filler Incorporating High
Content of Sewage Sludge Fly Ash . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
Manar Herez, Hassan Al-Nageim, Clare Harris and Linda Seton

Characterising the Performance of a Non-Portland Binder
Using Analytical Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
Monower Sadique and Hassan Al-Nageim

x Contents



www.manaraa.com

Predicting the Dynamic Properties of Plain Concrete
Under the Impact Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
Islem Megdiche, William Atherton, Clare Harris and Glynn Rothwell

New Cementitious Materials for Sustainable Construction . . . . . . . . . . . 243
Hassan Al-Nageim and Monower Sadique

Influence of Texture on Mechanical Behaviour of Basalts . . . . . . . . . . . 249
P. S. K. Murthy, Sukhdev Singh and S. L. Gupta

Experimental Investigation to Study the Properties of Concrete
Incorporated with GGBS and GBS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Uday Bhanu Chakraborty, Sanjeev Bajaj and Sandeep Dhanote

Ground Improvement Using Municipal Solid Waste Ash . . . . . . . . . . . . 271
Darin Baruah, Shubham Goel, Chandan Gupta and Anil Kumar Sahu

Contents xi



www.manaraa.com

About the Editors

Dr. Sanjay Kumar Shukla is the Founding Editor-in-Chief of International
Journal of Geosynthetics and Ground Engineering, and the Founding Research
Group Leader of the Geotechnical and Geoenvironmental Engineering Research
Group at the School of Engineering, Edith Cowan University, Perth, Australia, He
is also the Distinguished/Adjunct Professor of Civil Engineering at Fiji National
University, Fiji, VIT University, Vellore, Chitkara University, Himachal Pradesh,
and VR Siddhartha Engineering College, Vijayawada, India. He graduated in 1988
with a first-class degree with distinction in Civil Engineering from BIT Sindri,
India. He earned his MTech in Civil Engineering (Engineering Geology) in 1992
and Ph.D. in Civil Engineering (Geotechnical Engineering) in 1995 from the Indian
Institute of Technology Kanpur, India. He has over 22 years of experience in
teaching, research and consultancy in the field of Civil (Geotechnical) Engineering.
He has authored more than 220 research papers and technical articles, including
over 130 journal publications. He is also author/co-author/editor of 11 books,
including 7 textbooks, and 12 book chapters. His books titled ‘Core Principles of
Soil Mechanics’ and ‘Core Concepts of Geotechnical Engineering’ are popular
textbooks in the core geotechnical engineering courses worldwide.

Dr. Sudhirkumar V. Barai is a professor in the Department of Civil Engineering
at the Indian Institute of Technology, Kharagpur specializing in structural engi-
neering. He obtained his Ph.D. from the Indian Institute of Science, Bangalore. He
completed his bachelor’s and master’s in civil engineering from M S University of
Baroda. He was a postdoctoral fellow at the Department of Solid Mechanics,
Materials and Structures, Tel Aviv University. He was also Erskine Visiting Fellow
at the University of Canterbury, Christchurch, and a visiting scientist at the National
University of Singapore. His research interests include computational intelligence
applications, structural health monitoring and concrete technology. He has pub-
lished more than 200 articles in leading national and international journals and
conferences.

xiii



www.manaraa.com

Dr. Ankur Mehta is working as Director at his consultancy firm Arkade Infra in
Hisar (Haryana). Prior to this, he worked as Assistant Professor in the Civil
Engineering Department at Amity University, Noida (U.P.) and also as Deputy
Manager at National Council of Cement and Building Materials under the Ministry
of Commerce and Industry, Govt. of India. He obtained his Ph.D. from Thapar
University, Patiala in 2017 after completing his M.Tech. in Structural Engineering
from the same university. His primary research interests are sustainable materials,
utilisation of waste materials in concrete, retrofitting of structures through various
techniques, and supplementary cementitious materials. He has authored around
10 research papers in reputed journals along with a few book chapters. He is also a
Chartered Structure Engineer as Life Member of Institution of Structural Engineers
Pune (India), an Associate Member of Institution of Engineers (India).

xiv About the Editors



www.manaraa.com

Development of Geopolymer Concrete
for Sustainable Infrastructures

Rohan Jethwani, Mohit Singh Thakur and Satadru Das Adhikary

Abstract This research is based on the development of sustainable concrete which
would replace the conventional concrete. This special type of concrete is called as
geopolymer concrete (GPC). Ordinary Portland cement (OPC) is generally utilised
as a primary binder material for casting of concrete around the world. But, it is well
known that generation of OPC adversely affects the environment. Thus, researchers
and scientists are looking for alternative binder from industrial by-product. One of
these by-product are fly ash (FA) and ground granulated blast furnace slag (GGBS)
which can used in the presence of alkaline activator to develop GPC. The fly ash
is the by-product of thermal power plant, and GGBS is the by-product of steel-
manufacturing plant. The combined solution of sodium hydroxide (NaOH) and
sodium silicate (Na2SiO3) is usually used as alkaline activators. The objective of
this paper is to develop GPC under ambient curing condition by using locally avail-
able materials nearby IIT (ISM) Dhanbad, for sustainable infrastructures. Emphasis
has been given towards ambient curing so that the developed GPC can be applicable
to the general practical application. Various mechanical properties such as com-
pressive strength, split tensile strength and flexural strength are mainly taken into
consideration. Research outcome reveals that FA-GGBS-based GPC could able to
provide comparable mechanical properties to that of conventional concrete and has
the potential for wider application in civil infrastructures.

Keywords Geopolymer concrete · Fly ash · GGBS · Sodium hydroxide · Sodium
silicate and strength
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1 Introduction

The biggest trending problem of today’s world is global warming which is caused
majorly due to the emission of greenhouse gases in the nature. It is well known that
there is a huge amount of emissions of CO2 due to the production of ordinary Portland
cement (OPC). The production of OPC and construction of structures are hazardous
to the environment with respect to emission of the greenhouse gases. As OPC is used
as a binding material in major construction activities, this is on the major contributor
to the emission of harmful gases. To reduce the emissions of gases, major amount of
industrial by-products from the steel plant and thermal power plant such as fly ash
(FA) and GGBS can be used for the development of eco-friendly concrete which can
be used for civil infrastructures. As disposal of these by-products would cause hazard
to the environment, thus these by-products can be used effectively for developing
sustainable concrete. One such type of sustainable concrete is geopolymer concrete
(GPC).

‘Geopolymer’ the termwas coined by Joseph Davidovits in [1]. The rawmaterials
used for geopolymer are of geological origin, and the structure is akin to polymeric
chain structure. Moreover, the term ‘geopolymer’ is usually used to designate an
amorphous alkali aluminosilicate. The crystalline polymeric structures consist of
Si–O–Al bonds. The reaction between the binders and alkaline activators plays a
major role in the formation of GPC. Various binders such as fly ash (FA), ground
granulated blast furnace slag (GGBS), red mud and metakaolin can be used for the
development of GPC. Previous research reveals that the curing at high temperatures
is required for the fast polymerisation of GPC, but the addition of some proportion of
GGBS with FA reduces this curing temperature to the ambient temperature. As both
the raw materials used for the formation of GPC are by-products of industries, they
help in protecting the environment by reducing the use of OPC and also preventing
the need for heat curing. This also helps in the ease of practical application of the
GPC which makes it easier to apply in future developments of civil infrastructures
[2–4].

The strength of geopolymer concrete depends on various parameters such as
composition of the binding materials, type of alkaline activators, concentration of
the alkaline activators used, curing temperature, curing time, Si–Al ratio and sodium-
based compounds. The curing temperature primarily contributes to the enhancement
of the polymerisation process which helps in the development of strength properties,
i.e. as the curing temperature is increased, there is a significant increase in the poly-
merisation process which gives more strength to the GPC. As the application of heat
(oven curing) [5–8] is not possible during the construction of large size structures,
ambient curing would be the feasible option for practical application in cast-in-situ
construction. From the previous studies, it has been found that the factors influencing
the properties of the geopolymer concrete are the optimum proportion of the GGBS
used as it enhances the strength properties but has a drawback that it reduces the
workability and the setting times of the GPC. A naphthalene-based superplasticizer
can be used to improve the workability of the FA-GGBA-based geopolymer con-
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crete [9]. GPC performs better than OPC in aggressive environments. Due to various
excellent properties, GPC is a promising candidate as an alternative to conventional
concrete for developing sustainable infrastructures.

2 Research Significance

Till date, there is limited information available in the literature on proper mix design
as well as about the optimum proportion of the FA and GGBS for the development
of GPC. Thus to determine the proportion of FA, GGBS and alkaline solution, this
research is carried out. GPC has shown excellent properties in terms of strength
and durability as compared to that of conventional concrete. Thus to ensure the use
of GPC around us in day-to-day life, this research is carried out and various tests
are performed on the samples made of GPC and comparison is done with conven-
tional concrete. It has a huge potential in replacing the conventional concrete for
future sustainable infrastructures. This research mainly emphasises on the perfor-
mance evaluation of GPC with 100% replacement to OPC with FA and GGBS under
ambient-curing conditions. Further research has been initiated to assess the structural
application of this developed GPC at IIT (ISM) Dhanbad.

3 Experimental Investigations

This section provides the details of materials used for the development of GPC,
preparation of alkaline solutions, mix proportioning, casting and curing of cube,
cylinder and plain concrete beams and test results. The aim of this experimental
programme is to determine the fresh and hardened properties of developed GPC.
The materials used in this research are as follows:

(1) Fly ash
Fly ash (FA) is the by-product that can be obtained during the electricity pro-
duction at thermal power plant. The fly ash used in the following research was
obtained from Maithon Power Limited, Dhanbad, Jharkhand, India. As per IS
3812 (Indian Standard) Part 1 2013 [10], FA can be classified into categories
such as calcareous and siliceous FA. In the present study, the calcareous FA has
been used.

(2) GGBS
GGBS is the by-product obtained from the manufacturing of steel. The GGBS
used in this study was obtained from the Owndust India Pvt. Ltd., Kolkata,
West Bengal, India. The role of GGBS in this study is that it is used as the major
binding material by replacing the OPC and providing good strength and flexural
properties to the GPC. Table 1 shows the chemical comparison of the OPC, fly
ash and GGBS.
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Table 1 Comparison of chemical comparison of cement, fly ash and GGBS

OPC Percentage Fly ash Percentage GGBS Percentage

CaO 60–65 CaO 0.5–1 CaO 35–40

SiO2 17–25 SiO2 50–55 SiO2 30–35

Al2O3 3–8 Al2O3 30–35 Al2O3 15–20

Fe2O3 0.5–6 Fe2O3 5–6 Fe2O3 2.5–5

MgO 0.5–4 MgO 0.5–1 MgO 5–10

Na2O + K2O 0.5–1.3 Na2O + K2O 0.5–1 Na2O + K2O –

TiO2 0.1–0.4 TiO2 1–3 TiO2 –

P2O5 0.1–0.2 P2O5 0.5–1 P2O5 –

SO3 1–2 SO3 0.5–1 SO3 0.25–1

(3) Fine Aggregate
Fine aggregate used in current study has been collected from the nearby river
and has specific gravity of 2.65. Fine aggregates are conforming to zone III.

(4) Coarse Aggregate
Coarse aggregate used in current study has specific gravity of 2.8. Coarse aggre-
gate that has been used of is nominal size of 20 mm.

(5) Superplasticizer
Super plasticizer collected from JBSAssociateDhanbad, it is sulphonated naph-
thalene formaldehyde.

3.1 Preparation of Alkaline Activator Liquid Solution

Activator liquid is prepared using NaOH flakes. Figure 1 shows the NaOH flakes
and Fig. 2 shows the Na2SiO3. In the present case of study 10-M (Molar) solution of
NaOH is being prepared using 400 g of NaOH flakes per litre of water. This process
is exothermic in nature; hence to protect plastic buckets from getting melted, Fig. 3
shows the process of mixing. Once the heat is evolved, Na2SiO3 has been added to
make alkaline solution. Figure 4 shows the water bath of the mix to reduce the heat
generation.

3.2 pH Test of Solution

To check the acidity or basicity of the solution, pH test has been performed using
universal pH paper. Figure 5 shows the universal pH paper. The change of colour
can be observed of pH paper as shown in Fig. 6. The pH of solution is in the range
of 8.5–9. Hence, the solution is basic in nature.
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Fig. 1 NaOH flakes

Fig. 2 Na2SiO3 solution

3.3 Casting and Curing

Casting ofGPC is similar to that of conventional concrete. At first, aggregate has been
mixed and after that FA and GGBS have been mixed, till complete mix becomes grey
in colour. After that, alkaline solution has been added along with superplasticizer.
To obtain flowable GPC, 4% of superplasticizer dose has been used in the present
study. The needle vibrator has been used to remove the air voids for the concrete
as shown in Fig. 7. Ambient curing has been done. The term ambient curing means
curing done in the presence of sunlight without water. Figure 8 shows the ambient
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Fig. 3 Preparation of alkaline liquid

Fig. 4 Water bath
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Fig. 5 pH paper

Fig. 6 pH test

curing process of concrete samples. In this process, sunlight is required to activate
the polymerisation process of the geopolymer.

3.4 Mix Design

Themix design has been prepared according to IS 10262:2000 [11], but the procedure
of preparation of mix design has not been given in any code; so, the mix design has
beenprepared as themethod suggested bySubhash et al. [12] andAnuradha et al. [13].
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Fig. 7 Needle vibrator

Fig. 8 Ambient curing
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Fig. 9 Slump test

Fig. 10 Compressive strength test
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Fig. 11 Split tensile test

Fig. 12 Flexural test

Table 3 Test result

Mix Strength 14 days (MPa) 28 days (MPa)

Mix-1 Compressive 18 33

Mix-2 Compressive 21 29.86

Mix-1 Split tensile 0.91 1.44

Mix-2 Split tensile 0.81 1.35

Mix-1 Flexural Not available 3.53

Mix-2 Flexural Not available 2.33
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For the preparation of mix design, the specific gravity of cement has been replaced
by the GGBS and FA, andwater has been replaced by alkaline solution. In the present
study, the total binder material consists of 50% FA and 50% GGBS. In conventional
concrete (Mix-1), water/cement (W/C) ratio was maintained to 0.45, similarly in
GPC (Mix-2) alkaline-activator-solution-to-binder ratio (AAS/B) was kept to 0.45.
Table 2 shows the mix proportion of various constituents for conventional concrete
and GPC.

The investigation aims at finding the fresh state and hardened state properties of the
GPC. The grade of concrete used in this studywasGPC 25. For the fresh properties of
the concrete, slump test has been performed to check the workability of conventional
concrete and GPC. Figure 9 shows the slump test. The GPC was a flowable range of
concrete. Cube specimens of size 150 × 150 × 150 mm, cylinder size of 150 mm
diameter and 150 mm height and beam 150 × 150 × 700 mm were cast and cured
and then taken into testing for compressive strength, split tensile strength, flexural
strength, respectively. To test the compressive strength of concrete, test has been
done as per IS 516 (1959) [14], compression testing machine of 3000 kN has been
used with loading rate of 5150 N/s. Figure 10 shows the compression testing of cube
sample. To test the split tensile strength of concrete, test has been conducted as per IS
5816 (1999) [15] with loading rate of 1713 N/s. Figure 11 shows the split tensile test
of cylinder sample. To test the flexural strength of concrete, test has been conducted
as per IS 516 (1959) [14], the flexural testing machine used was of 1000 kN capacity,
rate of loading used was 66.67 N/s. Figure 12 shows the flexural testing of plain
concrete beam sample.

3.5 Test Result

Table 3 shows the comparative strength evaluation of conventional concrete (Mix-1)
andGPC (Mix-2) at 14 and 28 days in terms of compressive, split tensile and flexural.
It is observed that GPC almost provides similar compressive, split tensile and flexural
strength as that of conventional concrete at various ages after casting.Moreover, GPC
shows good slump values which would satisfy the workability criteria and would be
applicable to various construction sectors. Thus, the developed GPC under ambient
curing could satisfy both the workability and strength criteria and can be very useful
for cast-in-situ construction as no special curing procedures would be required.

4 Conclusions

In the present study, efforts have been driven towards the development of geopolymer
concrete (GPC) by replacing OPC 100% by using industrial by-products such as FA
and GGBS. The objective is to develop the GPC in such a way that no special curing
(i.e., heat curing)would be required so that theGPCcould be applicable to cast-in-situ
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construction. From that motivation, cubes, cylinder and plain concrete beammade of
conventional concrete and GPC were prepared and cured under ambient temperature
to evaluate and compare their fresh and hardened properties. The fresh and hardened
properties of the conventional concrete and GPC show similar properties. GPC sets
faster as compared to the conventional concrete; hence, themoulds can be demoulded
earlier than that of conventional concrete. Thus, this study as a whole will solve two
problems at a time. One is the usage of FA and GGBS as construction and building
materials and reduces the problem of disposal of fly ash and GGBS. Another one
is the reduction of OPC consumption in concrete production through the complete
replacement of OPC with FA and GGBS which indirectly helps in the reduction of
CO2 emission to the environment.
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Feasibility of Using Paper Industry
Sludge Containing Calcium Carbonate
in Manufacturing Bricks

Brij Bhushan, Upasana Grover, Siby John and Varinder S. Kanwar

Abstract Bricks have been regarded as one of the most durable and strongest build-
ing materials used throughout history. In this study, an attempt has been made to
study the behavior of bricks manufactured using waste material like paper industry
waste sludge. The objective of this work is to study the stabilization and solidification
of industry sludge and then to study the engineering behavior of brick made from it.
This paper presents an experimental investigation performed to check the feasibil-
ity of using paper sludge waste to reduce the quantity of clay, as there is a greater
shortage of clay in many parts of the world. To begin, XRF characterization of paper
sludge has been carried out. The bricks were prepared by paper sludge with varying
compositions, with reduced quantity of clay from 10 to 50%. After performing var-
ious tests, it has been observed that these waste material bricks are lightweighted,
sound, corrosion resistant, and strong in compression.

Keywords Bricks · Industrial waste material · Paper industry sludge ·
Lightweight material · Compressive strength

1 Introduction

Brick is one of the most widely used conventional building materials around the
world. Bricks are manufactured from a variety of materials such as clay, lime, sand,
concrete, and natural stone. Clay bricks are manufactured by shaping suitable clay
to rectangular units of standard size. There may be variations in composition and
properties by mixing the clays from different locations. Some of the important char-
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acteristics of bricks that make it popular building material are its high economical
cost, high compressive strength, and good durability. Conservation of resources and
minimization of pollution are twomain problems that the world is facing. There is an
increase in demand of bricks, which is resulting in the escalation of its cost in India.
This problem can be tackled by using somewaste material to replace some part of the
primary component which in turn can also solve the disposal problem of the waste
material. This will reduce the cost of brick and will also help in economizing the
resources. One such material is paper industry sludge, which is produced in a great
amount on an everyday basis.

Lime sludge generated from paper mill, sugar mill, and soda ash industries,
etc., contains lime as calcium carbonate. All sludge contains some deleterious con-
stituents/contaminants, which come from the process through which they are gen-
erated, e.g., the paper mill sludge contains free alkalies up to 2%. The presences of
these deleterious contaminants restrict their bulk utilization in making cement and
related building materials. The study has revealed that sludge from paper industry
can be utilized up to 74% (dry basis) as a component of raw mix for the manufactur-
ing of cement clinker. In addition to this, about 30% (dry basis) lime sludge can also
be utilized for the manufacturing of masonry cement. Paper mill sludge containing
high inorganic fraction can be utilized in the production of building materials. Due
to its combustion matrix, it can be used in the brick industry.

Pitroda et al. [1] conducted an experimental study for the innovative use of hypo
sludge in concrete formulations as a supplementary cementitious material was tested
as an alternative to traditional concrete. The cement has been replaced bywaste paper
sludge accordingly in the range of 0% (without hypo sludge), 10, 20, 30, and 40%
by weight for M-25 and M-40 mix. Concrete mixtures were produced, tested, and
compared in terms of strength with conventional concrete. These tests were carried
out to evaluate the mechanical properties like compressive strength up to 28 days and
split strength for 56 days were taken. As a result, the compressive strength increased
up to 10% by the addition of hypo sludge and the further increase in hypo sludge
reduces the strength gradually.

Srinivasan et al. [2] experimentally investigated the strength of concrete and opti-
mum percentage of the partial replacement by replacing cement via 10, 20, 30, 40,
50, 60, and 70% of hypo sludge. A mix M25 grade was designed as per Indian Stan-
dard method and the same was used to prepare the test samples. Based on the limited
experimental investigation concerning the compressive and splitting tensile strength
of concrete, it was observed that compressive strength of the concrete increased
when the percentage of replacement is increased up to 40% and beyond this, as
the replacement increased, compressive strength decreased. Replacement of cement
with this waste hypo sludge material provides maximum compressive strength at
30% replacement. The split tensile strength decreased when the percentage of the
replacement is increased.

Solanki and Pitroda [3] studied the flexural strength of beams for M 20 grade of
concrete by partial replacement of cement with fly ash and hypo sludge in concrete.
Based on experimental investigations in respect of flexural strength of concrete by
partially replacement of cement with fly ash and hypo sludge, it was observed that
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Table 1 Physical properties
of material used

Material Specific gravity Fineness modulus

Paper sludge 1.89 1.44

flexural strength of the concrete increases up to 11.08%, when 20% replacement of
cement by fly ash is increased and flexural strength of the concrete increases up to
8.91%, when 10% replacement of cement by fly ash is increased.

Balwaik and Raut [4] studied the compressive, split tensile strength and flexural
strength by replacement of cement with waste paper sludge in the range of 5–20%
by weight for M-20 and M-30 mix. As a result, the compressive, splitting tensile
strength and flexural strength increased up to 10% addition of waste paper pulp and
further increase in waste paper reduces the strength gradually.

From the above literature, it can be concluded that the incorporation of papermak-
ing residues in brick manufacturing is technically viable. Therefore, no additional
waste management procedures should be necessary when compared with normal
construction and demolition residues. As a consequence, this method may be an
alternative waste management route for these papermaking residues, avoiding their
landfill and giving some value to the lime-rich-containing materials.

2 Materials and Methods

2.1 Materials Used

Materials used in the study were locally procured. The paper sludge was taken from
a local paper manufacturing unit. The clay soil was also taken from a nearby locally
basedbrickkiln. The sludgewaskept in containers. Itwas available in powdered form.
The physical properties of sludge were as per Table 1. The chemical composition
was calculated from XRF tests. The chemical composition of the sludge is given in
Table 2.

2.2 Mixing and Proportions

All the materials of brick, i.e., clay and sludge were mixed in the desired proportion.
The sample prepared from all these mixes were compared and tested for several
strength parameters. Figure 1 shows pictures of bricks while mixing and formation.

Mix proportions of several mixes are as given in Table 3.
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Table 2 Chemical composition of paper sludge

Composition Percentage (%)

O 44.74

Ca 37.34

C 11.70

Si 4.25

Na 0.86

Mg 0.50

K 0.21

P 0.10

S 0.09

Fe 0.06

Cl 0.06

Al 0.05

Sr 0.01

Mn 0.0038

Cu 0.0030

Ni 0.0030

Zn 0.0027

Fig. 1 Figures of bricks while mixing and formation (researcher getting the soil mixed with the
sludge and thereafter formation of bricks out of it)

Table 3 Mix proportions of trial mixes

S. No. Die Sand (kg) Sludge (kg) Sludge (%) Identity

1 Akm 80 0 0 A1

2 Akm 72 8 10 A2

3 Akm 64 16 20 A3

4 Sk 56 24 30 A4

5 Sk 48 32 40 A5

6 Sk 40 40 50 A6



www.manaraa.com

Feasibility of Using Paper Industry Sludge Containing … 19

Table 4 Weight of bricks

S. No. Brick type Weight (kg)

1 A1 3.104

2 A2 2.555

3 A3 2.431

4 A4 2.228

5 A5 1.956

6 A6 1.769

Table 5 % age water absorption after 24 h

S. No. Brick type Initial weight Weight after 24 h % age increase in weight
after water absorption

1 A1 3.111 3.386 8.83

2 A2 2.546 2.873 12.86

3 A3 2.373 2.826 19.11

4 A4 2.239 2.845 27.07

5 A5 1.890 2.608 37.97

6 A6 1.819 2.670 46.80

2.3 Weight of the Brick After Formation

The average dry weight of each category of brick was found out to get the desired
standard weight. The average weight of each type is given in Table 4.

2.4 Water Absorption

The bricks of each type were dipped in a water tank and water absorption was found
out on a period of 24 h. Table 5 shows the weight of each type and the percentage of
water absorption after standard time.

2.5 Compressive Strength

The bricks casted were tested for compressive tests by firstly curing the bricks for a
day and then putting a mixture of cement mortar in the ratio of 1:3 in the frog section.
The bricks were then covered with a damp jute bag for a day and then bricks were
cured for 3 days. After drying, the compressive strength was tested in UTM. Table 6
shows the compressive strength of bricks.
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Table 6 Compressive
strength of bricks

S. No. Bricks
type

Load at failure
(kN)

Compressive
strength (N/mm2)

1 A1 402.5 23.50

2 A2 290.7 17

3 A3 205.2 12

4 A4 119.7 7

5 A5 76.95 4.5

6 A6 59.85 3.5

Table 7 Efflorescence of
bricks

S. No. Brick type Efflorescence

1 A1 Nil

2 A2 Nil

3 A3 Nil

4 A4 Nil

5 A5 Slight

6 A6 Slight

Table 8 Soundness of bricks S. No. Brick type Soundness

1 A1 Satisfactory

2 A2 Satisfactory

3 A3 Satisfactory

4 A4 Satisfactory

5 A5 Not satisfactory

6 A6 Not satisfactory

2.6 Efflorescence Test

The bricks were tested for efflorescence by placing them in a tray in the vertical
position and adding water in it. Then physical examination was done. Table 7 shows
the results for efflorescence.

2.7 Soundness Test

Two bricks of the same type were taken and strike against each other. If it does not
break and a metallic ringing sound forms, then the bricks were sound. Table 8 shows
the details of the soundness of samples.
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Table 9 pH test of bricks S. No. Brick
type

Fresh
water

7 days 21days 28days

1 A1 7.3 7.31 7.55 8.62

2 A2 7.3 7.42 7.56 8.63

3 A3 7.3 7.48 7.58 8.65

4 A4 7.3 7.53 7.75 8.79

5 A5 7.3 7.71 7.85 8.85

6 A6 7.3 7.84 7.85 8.85

Table 10 Conductivity test
of bricks

S. No. Brick type 7 days 21 days 28 days

1 A1 0.901 0.960 0.990

2 A2 0.921 0.933 1.009

3 A3 0.998 0.999 1.012

4 A4 1.215 1.430 1.527

5 A5 1.220 2.480 2.615

6 A6 1.410 2.528 2.622

2.8 Water-Related Tests

The bricks were dipped into separate containers for a period of 28 days and the water
in which the bricks were dipped was tested and compared to fresh water before
dipping. The comparison was done on certain parameters like pH, conductivity,
turbidity, hardness, and the amount of chlorides.

2.9 pH Test

pH of water in which bricks were dipped was tested for a period of 7 days, 21 days,
and 28 days and compared with fresh water. Table 9 shows the value for pH test.

2.10 Conductivity Test

Samples prepared were also tested for conductivity for a period of 7 days, 21 days,
and 28 days. Table 10 shows the conductivity of samples.
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Table 11 Hardness test of
bricks

S. No. Brick type 7 days 21 days 28 days

1 A1 400 575 875

2 A2 625 875 1300

3 A3 725 912.5 1400

4 A4 1200 1580 2250

5 A5 1375 1925 2250

6 A6 1525 2040 2800

Table 12 Chlorides test of
bricks

S. No. Brick type 7 days 21 days 28 days

1 A1 34.97 59.98 66.64

2 A2 44.98 74.47 79.97

3 A3 49.98 79.95 84.47

4 A4 54.97 81.97 89.48

5 A5 64.97 84.98 91.98

6 A6 79.96 106.48 110.47

2.11 Hardness Test

Hardness of water in which bricks were dipped was tested for a period of 7 days,
21 days, and 28 days. Table 11 shows the value for the hardness test.

2.12 Chloride Test

Chloride of water in which bricks were dipped was tested for a period of 7 days,
21 days, and 28 days. Table 12 shows the value for chlorides test.

3 Results and Discussions

The results and properties of various mixes tested are shown below.
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Fig. 2 % age water
absorption after standard
time
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3.1 Weight

The weight results show that all the bricks are light in weight as compared to the
standard brick A1, which does not contain any sludge. Therefore, all bricks are
lightweighted bricks, which have an advantage in construction.

3.2 Water Absorption

According to the Indian standards, water absorption for the class I and class II
bricks should not be more than 20% after 24 h immersion. The result of water
absorption shows that the samples A1, A2, and A3 have absorption under standard
value and hence acceptable. But the rest of the samples have a greater amount of
water absorption. Figure 2 shows the comparison of initial and final weights and
percentage of water absorption, respectively.

3.3 Compressive Strength

The result of compressive strength shows that the compressive strength of brick can
be increased on addition of sludge to a limited quantity of 10 and 20% only. The
compressive strength of brick decreased with the addition of more than 20% sludge.
Figure 3 shows the comparative study of compressive strength test results of various
mixes.
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Fig. 3 Compressive strength
of bricks
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3.4 Efflorescence Test

According to Indian Standard Code, when there is no perceptible deposit, the efflo-
rescence is NIL but there is slight efflorescence when 10% of the exposed area has a
thin deposit of salts. In our specimens, samples with 0, 10, and 20% sludge have nil
efflorescence but the rest have slight efflorescence.

3.5 Soundness Test

A brick is sound only if it does not break and a ringing sound is produced. The bricks
with 10 and 20% are proved to be sound enough for construction.

3.6 pH Test

According to Indian standards, the samples with greater pH have a low risk of corro-
sion. So, all our samples have a pH greater than 7 and thus are less prone to corrosion.
Figure 4 shows a chart of pH value of different samples at different days.

3.7 Conductivity Test

The tests performed shows that brick specimen A1 without any sludge and specimen
A2 and A3 with sludge have conductivity less than 1 which is required by Indian
Standard. Hence these bricks are acceptable to use. Figure 5 shows the comparison
of conductivity of different samples.
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Fig. 4 pH test of bricks
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Fig. 5 Conductivity test of
bricks
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Fig. 6 Hardness test of
water soaked bricks
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3.8 Hardness Test

When compared to A1, we see that sample A2 and A3 have an almost same hardness
which is near to A1 and thus are acceptable. Figure 6 shows the hardness test results
of water in which bricks were soaked.
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Fig. 7 Chlorides test of
bricks
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3.9 Chloride Test

The chloride tests show the corrosion-prone chances of the bricks. Lowvalues usually
are less prone to corrosion. We see that A2 and A3 have lower values of corrosion
than the sample brick A1. So, sample A2 and A3 are acceptable. Figure 7 shows the
chloride content of various specimens.

4 Conclusion

Following conclusions can be drawn from this research:

• The paper sludge can be utilized as an additive in the form of powder in the
production of bricks up to 20% of replacement of soil (clay).

• Lightweight materials are formed as we keep increasing the amount the sludge in
brick.

• Compressive strength holds well if sludge is added up to 20%, further increasing
the percentage of sludge in brickswill lead to a decrease in the compressive strength
of bricks.

• Addition of sludge in bricks leads to well sound bricks provided a limited amount
of sludge is added.

• Addition of sludge in bricks leads to negligible efflorescence in it provided a
limited amount of 20% is added.

• With the addition of 20% of sludge, there is lower chloride content and higher pH
content than the specimen without sludge, which means resistance to corrosion.
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Experimental Investigations on Fly Ash
Geopolymer Mortar

Sanghamitra Jena and Ramakanta Panigrahi

Abstract The industrial waste which is rich in silica and alumina activated with
alkaline activators such as sodium silicate (NS) or potassium silicate combined with
sodium hydroxide (NH) or potassium hydroxide forms geopolymer cement. The
present investigation aims to utilize the fly ash in an innovative way that is to activate
it using alkaline activators. The use of environmentally friendly cement can reduce
greenhouse effect, solve disposal problems, and improve waste utilization. The main
objective of this studywas to investigate the effects of activator and curing conditions
on the compressive strength and microstructure of alkali-activated fly ash mortar or
geopolymer mortar. Two different activators were used to activate the binder such
as NS and NH solutions. Six separate mixes were designed with different NaOH
concentrations (8M–18M). Furthermore, the effect of the solution-to-binder ratio
on the compressive strength (CS) of fly ash (FA) geopolymer mortar (GPM) was
investigated. The outcome of the present study revealed that the compressive strength
was found to be enhanced with NaOH concentration up to 14M, and after that, this
strength reduced. Further, the compressive strength was increased up to solution-to-
binder ratio of 0.6, and beyond that, this strength decreased. Heat-cured specimen
was more strengthened than ambient-cured specimen.

Keywords Fly ash · Alkali activator · Compressive strength · Scanning electron
microscope
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1 Introduction

Productions of construction materials such as concrete are indirectly affecting the
environment. The main constituent of concrete is cement, which generates more
amounts of wastes as well as causes environmental pollution. One tonne of cement
produces nearly about one tonne of CO2. Therefore, our main challenge is to produce
sustainable geopolymer concrete using environmentally friendly cement such as the
utilization of activated industrial wastes. The main challenge is to reduce cement
consumption and production of high-strength innovative materials.

FA-based geopolymer concrete (GPC) consists of fly ash, sand, and coarse aggre-
gate with alkaline solutions such as NS and NH. It can control the greenhouse effect
of the environment [1]. The reduction in the CO2 ultimately reduces the temperature
of the earth. This cause compels to develop cementitious material which can replace
the cement totally. Fly ash is one type of aluminosilicate solid waste material which
was commonly used for the preparation of geopolymer concrete. Lloyd [2] found
that the mixes activated with silicate activator are more homogeneous than that of
activated with sodium hydroxide activator and improved compressive strength. Kot-
wal et al. [3] found the CS of the FA GPM using limestone sand as fine aggregate
with different curing temperatures. It was observed that the CSwas increased by 83%
as the temperature was increased from 30 to 45 °C, but the strength was decreased
by 33% at temperature 55 °C. Okoye et al. [4] observed the mechanical properties
of blended FA and silica fume GPC. It was found that the FA GPC with silica fume
possesses excellent compressive strength as well as durability properties with no
alkali–aggregate reaction. Reddy et al. [5] studied the behavior of the FA GPC in the
marine environment. It was found that 7 days’ and 28 days’ compressive strength
of control concrete was 65 and 41% lower than the GPC, respectively. Here, the
failure occurred only in the interfaces of aggregate and paste. Topark-Ngarm et al.
[6] conducted the setting time and the CS test of the FA GPC. It was reported that the
strength was increased at a high temperature than the ambient temperature. Boon-
serm et al. [7] observed that the CS of the FA GPM combined with bottom ash in
different percentages. It was found that the CS of the bottom ash GPM was 46%
lesser in strength than that of the FA GPM. Waste gypsum was used as an additive
in this GPM. Chindaprasirt et al. [8] investigated the compressive strength of coarse
lignite high-calcium FA GPM. It was observed that the CS of 15M specimen was
more than that of 10 and 20M.

The current study aims to investigate the properties of the FA GPM cured under
elevated temperature and room temperature. The compressive strength ofmortar with
different solution-to-binder ratios was determined. Moreover, the microstructural
examination of the mixes was carried out by scanning electron microscope (SEM)
and energy-dispersive spectroscopy (EDS) measurements.
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2 Experimental Program

2.1 Materials and Mix Design

The FA was collected from thermal power corporation Hindalco (Burla, Sambalpur,
Odisha, India) confirming to class F as per ASTM C 618. The specific gravity of the
FAwas 2.44. It was used as binder in the geopolymer mortar. River sand was utilized
as natural fine aggregate. Sieve analysis was done for particle size distribution as per
IS 383:1970. NH and NSwere used as alkaline activators to perform geopolymeriza-
tion. Solutions were prepared with different NaOH concentrations or molarity (M).
M stands for the molar weight of NaOH which is 40 g. For the preparation of 1M
NaOH solution, 40 g of NaOH flakes was added in one liter of water. Similarly, in
8M solution, 8 × 40 = 320 g of NaOH flakes was added in one liter of water. In
this study, six mixes were prepared separately by taking different molarity, such as
8, 10, 12, 14, 16, and 18M. Na2SiO3-to-NaOH ratio was constant, i.e., 2.5, and the
solution-to-binder ratio was fixed for all mixes, i.e., 0.5. Some amount of extra water
is added only to increase workability. Also, another parameter was checked, i.e.,
increase of solution-to-binder ratio. 0.4, 0.45, 0.5, 0.6, and 0.7 are different solution-
to-binder ratios. Heat curing in the oven and ambient curing in the room temperature
are the two types of curing methods that were adopted for measuring the strength of
the GPM.

2.2 Mixing Method and Casting of Specimen

NH flakes (98% purity) and locally available NS solution (SiO2/Na2O equal to 2.21)
were used as alkaline activators. The required concentration of NH solution was
prepared by mixing NH pellets in the potable water. This solution was kept in room
temperature for 24 h to cool down. Then, sodium silicate solution was mixed with
sodium hydroxide solution prior to mix with the fly ash and sand mixture. 70.5 ×
70.5 × 70.5 mm size cube specimens were prepared for the CS test.

2.3 Curing of the Specimen

These specimens were removed after 24 h of its casting. Then, those specimens were
kept in a hot air oven at 70 °C for 24 h [9]. After 24 h, those were removed and kept
in the room temperature until the day of testing. But for the specimens which were
to be tested with ambient curing, those specimens were demolded after 24 h of its
casting and kept in the room temperature for the test in a required day. Table 1 gives
the elemental analysis of the FA obtained by energy-dispersive spectroscopy (EDS).
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Table 1 Elemental analysis of fly ash obtained by EDS

Element Weight % Atomic %

C 23.04 32.40

O 47.17 49.75

Mg 0.10 0.08

Al 0.22 0.14

Si 28.92 17.37

S 0.22 0.11

K 0.33 0.15

Total 100 100

Table 2 Physical properties of fine aggregate

Properties Value

Fineness modulus 3.14

Zone II

Specific gravity 2.74

Water absorption 1.6%

Table 3 Mix proportion of GPM

Mix
symbol

NaOH
concentration
(M)

Na2SiO3/NaOH w/b ratio Fly ash
(kg/m3)

Fine aggregate
(kg/m3)

GPM1 8 2.5 0.17 110 330

GPM2 10 2.5 0.17 110 330

GPM3 12 2.5 0.17 110 330

GPM4 14 2.5 0.17 110 330

GPM5 16 2.5 0.17 110 330

GPM6 18 2.5 0.17 110 330

GPM Geopolymer mortar

Table 2 gives the physical properties of fine aggregate. Mix proportions were given
in Table 3. Figure 1 shows the image of sodium hydroxide flakes.

3 Results and Discussion

3.1 Effect of NH Concentration on Compressive Strength

The variation of the CS with respect to different molarity is shown in Fig. 2.
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Fig. 1 NH flakes

Fig. 2 Variation of the CS in
different NH concentrations
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Figure 2 shows that the CS was increased as the NaOH concentration was
increased. But optimum strength was achieved in 14M specimen for all the days of
curing. 3, 7, 14, and 28 days’ compressive strength was increased with the increased
molarity up to 14M. Leaching of silica and alumina was increased at high NaOH
concentrations. This could be due to the increased geopolymerization from 8 to 14M.
But at 16 and 18M, the strength was decreased about 50 and 61%, respectively, than
14M due to the increased viscosity of activator. This could be due to the formation
of precipitation of aluminosilicate gel from a high concentration of OH− ions with
a high NaOH concentration. It was also noticed by Aliabdo et al. [1]. The variation
in the compressive strength in different solution-to-binder ratios is shown in Fig. 3.

3.2 Effect of Solution-to-FA Ratio on Compressive Strength

Figure 3 shows that the CS of the GPM was increased by 43% as the solution-to-
binder ratio was increased from 0.4 to 0.6, and then, the effect was reversed. A fall
in the strength was noticed as the ratio increased to 0.7. But this strength was 34%
higher than that of the strength observed in ratio of 0.4. 28 days’ compressive strength
was varied from 25.39 to 36.27 MPa, when the solution-to-FA ratio was increased
from 0.4 to 0.6. The same type of increment in strength occurred from 3 to 28 days.
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Fig. 3 Variation of the CS in
different solution-to-FA
ratios
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Fig. 4 Variation in the CS in
different curing processes
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This strength was decreased by 7%, when the ratio was increased up to 0.7. It was
also found by Aliabdo et al. [1].

3.3 Effect of Curing Process on Compressive Strength

Hydration process is the exothermic reaction. Internally heat is produced as the
reaction starts in cement paste. But geopolymerization process is endothermic reac-
tion. Here, no internal heat is produced. Therefore, some amount of external heat is
required to perform the geopolymerization in a better way. The variation in the CS
with respect to curing process is shown in Fig. 4.

Figure 4 shows that the compressive strength was increased nearly about two
times in case of heat curing than that of ambient curing. This could be due to the
external heat. This was also observed in the previous study [10]. It was observed that
the CS of heat-cured specimen was 27.42 MPa, whereas the CS of ambient-cured
specimen was 12.38 MPa in 3 days. It was increased up to 28 days, i.e., 41.54 MPa
in case of elevated temperature and 21.63 MPa for room temperature.



www.manaraa.com

Experimental Investigations on Fly Ash Geopolymer Mortar 35

3.4 Microstructural Analysis

The SEM of the geopolymer mortar with solution-to-binder ratios of 0.45, 0.5, and
0.6 is shown in Figs. 5, 6, and 7, respectively.

Above three microstructure images of the geopolymer mortar show that the
increased ratio of alkaline to binder increases the viscosity, which binds the other
materials to form a compacted mass. Alkaline-to-binder ratio of 0.6 of the specimen
shows denser medium than that of 0.5 and also 0.5 of the specimen shows denser
medium than that of 0.45.

Fig. 5 SEM of geopolymer
mortar with
solution-to-binder ratio of
0.45

Fig. 6 SEM of geopolymer
mortar with
solution-to-binder ratio of
0.5



www.manaraa.com

36 S. Jena and R. Panigrahi

Fig. 7 SEM of geopolymer
mortar with
solution-to-binder ratio of
0.6

4 Conclusion

The present work deals with a detailed investigation, including both experimental
study and microstructural study using the SEM. The following observations were
obtained from the results and discussion which are reported below.

1. The CS of the FA GPM was increased when the molarity was increased up to
14M, and after that, it was decreased.

2. The compressive strength of the fly ash geopolymer mortar was increased when
the solution-to-binder ratio was increased up to 0.6, and then, it was slightly
decreased.

3. The external heat in heat curing performed best to produce more compressive
strength than in case of ambient curing.

4. The microstructure of geopolymer mortar with varying solution to binder ratios
shows that higher the ratio offers more compactnees and denser media.

Appendix

1. Table 1. Elemental analysis of fly ash
2. Table 2. Physical properties of fine aggregate
3. Table 3. Mix proportions of geopolymer mortar
4. Fig. 1. Sodium hydroxide flakes
5. Fig. 2. Variation of the CS in different NH concentrations
6. Fig. 3. Variation of the CS in different solution-to-FA ratios
7. Fig. 4. Variation in the CS in different curing processes
8. Fig. 5. SEM of geopolymer mortar with solution-to-binder ratio of 0.45
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9. Fig. 6. SEM of geopolymer mortar with solution-to-binder ratio of 0.5
10. Fig. 7. SEM of geopolymer mortar with solution-to-binder ratio of 0.6
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Three-Dimensional Numerical Modeling
of Underground Powerhouse Complex
of 720 MWMangdechhu Hydroelectric
Project, Bhutan
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Abstract The underground powerhouse complex of Mangdechhu Hydroelectric
Project (MHEP) comprises of a 155-m-long, 23-m-wide, and 41-m-highmachine hall
cavern and a 135.5-m-long, 18-m-wide, and 23-m-high transformer hall cavern. The
engineering design, support system, and excavationmethodology of the cavernswere
designed based on the geological data obtained from surface and subsurface inves-
tigations during detailed project report stage investigations, using two-dimensional
elastoplastic finite element analysis by Phase2 software. However during the excava-
tion of the caverns, a shear zone of 1–1.5m thickness with associated fracture zone of
1.5–3 m thickness on either side was encountered. In view of the changed geological
scenario, the excavation methodology and support system designed based on two-
dimensional analysis appeared inadequate as such progressive three-dimensional
discontinuum numerical modeling analysis using 3DEC software was undertaken to
optimize the excavation methodology, sequence, and support system. The models
were updated at various stages of the excavation using the encountered and antici-
pated geological conditions, rock mass properties, and instrumentation data to simu-
late the rock mass behavior during the excavation, to analyze the stress changes and
associated displacements in the caverns for particular excavation stage, and to evolve
a safe excavation methodology, sequence, and support system prior to benching to
next level, while simultaneously revalidating the installed support system. The over-
all stability of the caverns was also determined after the complete excavation. By
the aid of numerical modeling results, the excavation methodology, sequence, and
support system were optimized and the excavation of the caverns was successfully
completed within the schedule.
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1 Introduction

The underconstruction 720 MW Mangdechhu Hydroelectric Project (MHEP) is
located in Trongsa District of Central Bhutan. The project is in advance stage of con-
struction and is scheduled for commissioning by May 2019. The project comprises
of 112-m-high concrete gravity dam, 13.521-km-long head race tunnel, 152-m-deep
surge shaft, two pressure shafts of stepped configuration, an underground power-
house complex comprising of machine hall and transformer hall caverns along with
appurtenant structures, and a 1.333-km-long tail race tunnel. The underground pow-
erhouse complex comprises of a 155-m-long, 23-m-wide, and 41-m-high machine
hall cavern, a 135.5-m-long, 18-m-wide, and 23-m-high transformer hall cavern, four
bus ducts of 43 m length each connecting both the caverns, four circular penstocks
of 2.5 m diameter to feed the turbines, four D-shaped draft tubes to convey water
to the tail race tunnel for releasing it back into the river, and a 3-m-diameter and
235-m-long drainage gallery behind the machine hall cavern.

The engineering design, support system, and excavation methodology of the
caverns were designed based on the two-dimensional elastoplastic finite element
analysis by Phase2 software using geological data obtained from surface and sub-
surface investigations during detailed project report stage investigations. However
during the excavation of the caverns, a shear zone of 1–1.5 m thickness with asso-
ciated fracture zone of 1.5–3 m thickness on either side was encountered. In view
of the changed geological scenario, the excavation methodology and support system
designed based on two-dimensional analysis appeared inadequate as such the project
authority approached National Institute of Rock Mechanics (NIRM), Bengaluru, to
conduct progressive three-dimensional discontinuum numerical modeling analysis
using 3DEC software to optimize the excavationmethodology, sequence, and support
system.

2 Geological Setup of the Powerhouse Area

The powerhouse complex is housed within the Cheka Formation of Higher
Himalayan Crystallines. The underground powerhouse complex is located below
a spur in between two streams with a maximum superincumbent cover of 180 m.
The Mangdechhu River flowing toward the western side is about 350 m away from
the powerhouse complex. The rock mass is represented by quartzite with bands of
mica schist and intrusive pegmatite and amphibolite. The foliation dips toward south
and southwest in the outcrops exposed along the road, whereas in the stream cut-
tings on both the sides of the powerhouse spur westerly direction foliation dips are
observed indicating broad open fold plunging toward the river [1].
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3 Design Analysis of the Caverns

Phase2, a two-dimensional elastoplastic finite element program,was used for evaluat-
ing stresses and displacement around the caverns to determine the optimum thickness
of the rock pillar between the two caverns and also to evaluate the design support
system. The rock mass was assumed to be homogeneous, isotropic, and elastic–plas-
tic material. The analysis was aimed to determine the width of the rock pillar to place
the two caverns as close as possible in order to reduce the length and hence cost of the
bus bars that link the generators to the transformers, while also avoiding unfavorable
stress distribution and yielding in the rock pillar between the two caverns and to have
a sufficient undisturbed (unyielding) zone after excavation.

Fourmodelswith rock pillarwidths of 30, 35, 40, and 45mwere analyzedwith two
different cases of input parameters. The details of the two cases of input parameters
are given in Table 1. Rock cover of 200 m thickness was taken above the caverns.
Both the caverns were excavated simultaneously in the model. Gravitational loading
was considered for rock pillar analysis. For all the four models in both the cases,
yield zone, strength factor, and total displacement were evaluated. The evaluated
parameters are given in Table 2.

After determining the safe thickness of the rock pillar analysis of support system
was undertaken. Based on the stress distribution and extent of plastic zone around
the caverns as a result of excavation, support system for the crown and walls of
the caverns was estimated and analyzed in Phase2 program. Based on the analysis
support system comprising of steel fiber reinforced shotcrete and rock bolts was
finalized. The design support system incorporated in the construction drawings is
given in Table 3.

Table 1 Input parameters
used for the analysis in
Phase2 software

Parameters Case-I Case-II Remarks

UCS σ ci (MPa) 75 100

Hoek–Brown
constant mi

18 18

Geological strength
index (GSI)

46 54 Measured in
exploratory drift [2]

Disturbance factor
(D)

0.7 0.7 As suggested by
Hoek [2]

Modulus of
deformation (GPa)

11 11

In situ stress ratio
(K) = (σH/σ v)

1.76 1.76
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Table 3 Suggested support system for machine hall and transformer hall caverns

Support system Crown Walls

Machine hall cavern

Shotcrete 200-mm-thick SFRS 150-mm-thick SFRS

Rock bolts 36 mm dia. 7.5 m long @ 3 m C/C
and 36 mm dia. 9 m long @ 3 m C/C

36 mm dia. 12 m long @ 3 m C/C,
along the downstream wall and
36 mm dia. 9 m long @ 3 m C/C on
the upstream walls

Transformer hall cavern

Shotcrete 200-mm-thick SFRS 150-mm-thick SFRS

Rock bolts 36 mm dia. 7.5 m long @ 1.5 m C/C 36 mm dia. 9 m long @ 1.5 m C/C,
along both the walls

4 Encountered Geological Conditions and Need
of Re-evaluation of Support System and Stability

The rock mass encountered during the excavation of the caverns was represented
by moderately jointed, strong quartzite with intercalated schist bands of 1–5 cm
thickness intruded by randomly oriented pegmatite and amphibolite. Both the caverns
were traversed by a shear/fracture zone of 5–8m thickness, with attitude of N 30°E–S
30°Wdipping 10–24° due toN 60°W. This shear/fractured zones intercepted both the
upstream and downstream walls of the caverns along the long axis and also cutting
across them (Fig. 1a–e). The mean attitude of foliation recorded along the caverns
was N 28°W–S 28°E dipping 33° due to S 62°W. Apart from foliation, the rock
mass was traversed by three other prominent sets of discontinuities along with some
randomly oriented joints.

The presence of a shear/fracture zone, cutting along and across the caverns and
large size of the caverns, necessitated the re-evaluation of the support system, excava-
tion methodology, and sequence along with monitoring and analysis of the behavior
of the rock mass during the course of the excavation. As such, progressive 3D stress
analysis of the powerhouse caverns alongwithmonitoring of the caverns by the aid of
geotechnical instrumentationwas undertaken. The predicted behavior of rockmass as
inferred from 3D stress analysis was regularly compared with the observed behavior
as recorded by geotechnical instrumentation to optimize excavationmethodology and
sequence along with the optimization and validation of the support system [1, 3–6].

5 Three-Dimensional Numerical Analysis of the Caverns

Three-dimensional stress analyses of the caverns were undertaken by NIRM, Ben-
galuru, using 3DEC software. Based on the geological conditions encountered dur-
ing the excavation of the caverns and appurtenant structures, a three-dimensional
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Fig. 1 Geological section showing the disposition of the shear zone along a upstreamwall, b down-
stream wall of powerhouse cavern, c upstream wall, d downstream wall of transformer hall cavern,
and e across the caverns

numerical model in 3DEC software comprising of powerhouse cavern, transformer
hall cavern, bus ducts, and other excavations was prepared (Fig. 2). To simulate a
realistic behavior of the rock mass in 3DECmodel, the prevailing in situ stress along
with the in situ geotechnical parameters of the rock mass and engineering properties
of the rocks was determined and was used as input parameters. In situ stress con-
ditions were measured by hydrofracturing method in accordance with the method
suggested by Cornet [7], while the geotechnical parameters, viz. in situ deformabil-
ity and elasticity, were determined by plate load test [8], and in situ shear strength
parameters were evaluated by direct shear test method [9] in class-III type of rock
mass and in shear zone. The physicomechanical properties of the rocks were deter-
mined by testing various types of rock samples collected from exploratory boreholes
[10]. The determined parameters are given in Tables 4, 5, 6, and 7, respectively.
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Fig. 2 3D model showing various components of the powerhouse complex

Table 4 Summary of in situ stress measurement results

Principal stresses

Vertical stress (σ v) in MPA (calculated with an overburden of 180 m and
density of rock 2.7 gm/cc)

4.76 MPa

Maximum horizontal principal stress (σH) 8.38 ± 0.6496 MPa

Minimum horizontal principal stress (σ h) 5.59 ± 0.4331 MPa

Maximum horizontal principal stress direction N 70°

K = (σH + σ h)/2/σ v 1.47

K = (σH/σ v) 1.76

Table 5 Summary of plate load test

In situ deformability parameters Class-III Shear zone

Modulus of deformability of rock mass (Em) in GPa 2.01–3.99 0.46–1.24

Modulus of elasticity of rock mass (Eem) in GPa 2.31–5.24 0.49–1.36

Table 6 Summary of in situ direct shear test results

Loading condition Rock mass category Cohesion (C) MPA Angle of internal
friction (F) degrees

Peak shear parameters Class-III rock mass 0.375 35.8

Shear zone 0.354 25.6

Residual shear
parameters

Class-III rock mass 0.274 34.2

Shear zone 0.231 25.3
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Table 7 Physicomechanical properties of different types of rocks of underground caverns

Properties Rock type

Pegmatite Quartzite Pegmatite from shear zone

Density (kg/m3) 2590–2605 2642–2646 2586

UCS (MPa) 114–143 237 40

Young’s modulus (GPa) 38.5–45.5 67 12

Poisson’s ratio 0.32 0.17 0.49

Tensile strength (MPa) 6.08 10.64 –

5.1 3DEC Analysis

Three-dimensional analyses of the caverns were undertaken using 3DEC software,
which is a three-dimensional numerical program based on the distinct element
method for discontinuum modeling [11]. 3DEC software simulates the response
of discontinuous media (such as a jointed rock mass) subjected to either static or
dynamic loading. The discontinuous medium is represented as an assemblage of dis-
crete blocks. The discontinuities are treated as boundary conditions between blocks;
large displacements along discontinuities and rotations of blocks are allowed. Indi-
vidual blocks behave as either rigid or deformable material. Deformable blocks are
subdivided into a mesh of finite difference elements, and each element responds
according to a prescribed linear or nonlinear stress–strain law. The relative motion
of the discontinuities is also governed by linear or nonlinear force–displacement rela-
tions for the movement in both the normal and shear directions. 3DEC has several
built-in material behavior models, for both the intact blocks and the discontinuities
that permit the simulation of response, representative of discontinuous geologic or
similar materials. 3DEC is based on a Lagrangian calculation scheme that is well-
suited to model the large movements and deformations of a blocky system [11, 12].

For the analysis of the stress response of the rock during and after excavation,
a three-dimensional model of the caverns and appurtenant structures was prepared
and geological conditions encountered during the excavation were incorporated in
it (Fig. 3). The excavation was simultaneously carried out in the powerhouse and
transformer hall caverns. The actual sequence as adopted during the excavation was
modeled in the analysis (refer Fig. 4 and Table 8). The support systemwas optimized
and validated during progressive analysis. The support system incorporated in the
analysis is given in Table 9.

The rock mass properties for the model were determined from the Geological
Strength Index (GSI) determined along the caverns as suggested by Hoek [2] and
modified by Hoek and Brown [13], Hoek et al. [14], Sonmez and Ulusay [15], and
Marinos and Hoek [16] and the data obtained from laboratory and in situ testing
of the rock mass in accordance with the method suggested by Hoek et al. [17] and
Hoek and Diederiches [18]. The rock mass properties incorporated in the analysis
are given in Table 10.
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Table 8 Benching sequence adopted for simulation of 3DEC numerical modeling

Stage-I Excavation of crown (up to El. 1044 in MCH (P1, P2, and P3) and El. 1048.6 in
THC (T1, T2, and T3))

Stage-II Bench-I, El. 1044–1041 m in MHC (P4, P5, and P6) and El. 1048.6–1045 m in
THC (T4, T5, and T6)

Stage-III Bench-II, El. 1038–1035 m in MHC (P7) and El. 1045–1042 m in THC (T7)

Stage-IV Bench-III, El. 1038–1035 m in MHC (P8) and El. 1042–1039 m in THC (T8)

Stage-V Bench-IV, El. 1035–1032 m in MHC (P9) and El. 1039–1036 m in THC (T9)

Stage-VI Bench-V, El. 1032–1029 m in MHC (P10) and El. 1036–1033 m in THC (T10)

Stage-VII Bench-VI, El. 1029–1026 m in MHC (P11) and El. 1033–1030 m in THC (T11)

Stage-VIII Bench-VII, El. 1026–1023 m in MHC (P12) and El. 1030–1028 m in THC (T12)

Stage-IX Bench-VIII, El. 1023–1020 m in MHC (P13) and bus ducts near THC

Stage-X Bus ducts near MHC (P14)

Stage-XI Bench-IX, El. 1020–1017 m in MHC (P15)

Stage-XII Bench-X, El. 1017–1014 m in MHC (P16)

Stage-XIII Bench-XI, El. 1014–1011 m in MHC (P17)

Stage-XIV Bench-XII, El. 1011–1009 m in MHC (P18), along with turbine pits (P19)

Stage-XV Excavation of penstocks, TRT manifolds, and drainage gallery (P20)

Table 9 Support system used for numerical analysis

Support system Crown Walls

Machine hall cavern

Shotcrete 250-mm-thick SFRS 250-mm-thick SFRS

Rock bolts 36 mm dia. 7.5 m long @ 3 m C/C,
36 mm dia. 9 m long @ 3 m C/C,
36 mm dia. 12 m long @ 3 m C/C

36 mm dia. 12 m long @ 1.5 m C/C,
along u/s and d/s wall and 36 mm
dia. 7.5 m long @ 1.5 m C/C on
gable end walls

Ribs ISMB 350 @ 0.5 C/C from RD 0 to
35 and 100 to 155 m

Transformer hall cavern

Shotcrete 250-mm-thick SFRS 250-mm-thick SFRS

Rock bolts 36 mm dia. 7.5 m long @ 1.5 m C/C 36 mm dia. 9 m long @ 1.5 m C/C,
along u/s and d/s wall and 36 mm
dia. 7.5 m long @ 1.5 m C/C on
gable end walls

Ribs ISMB 350 @ 0.5 C/C from RD 0 to
20 and 60 to 120 m
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Quartzite (RMR – 32)
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Quartzite (RMR – 51)
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Fig. 3 3D model of the caverns showing the disposition of the shear and fracture zones

Power House Cavern Transformer Hall Cavern

Bus Duct

Drainage 
Gallery

Draft Tube Manifold

Fig. 4 Schematic section showing the excavation sequence adopted and incorporated in the model
study

Based on the laboratory normal and shear stiffness data and the prevailing stress
levels around the caverns, the following joint stiffness and joint shear strength param-
eters were calculated and used in the model.

• Joint normal stiffness: 50 GPa/m
• Joint shear stiffness: 0.6 GPa/m
• Joint cohesion: 0 MPa
• Joint friction: 40°.
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5.2 Results of 3DEC Analysis

The three-dimensional numerical model was simulated with the input parameters
and excavation sequence as discussed above. The behavior of the rock mass was
evaluated based on the analysis by computing deformations at every 10 m RD and at
different elevations as a function of excavation sequence, and corresponding factor
of safety, using three-dimensional Hoek and Brown yield criteria as suggested by
Melkoumian et al. [19]. The results of progressive analysis incorporating encountered
and projected geological conditions carried out during the excavation of the caverns
were discussed by Mishra et al., in 2015, 2016, and 2017 [1, 3–6]. In the current
paper, the results of the final analysis incorporating the actual encountered geological
conditions, excavation sequence as adopted, and the actual installed support system
are discussed.

Displacements: The displacements at the crown of machine hall and transformer
hall caverns are shown in Fig. 5a, b, while for the walls and floor, they are shown in
Fig. 6a, b. The displacement at the center of the crown of the machine hall cavern
varied from 3.1 mm (at RD 150 m) to 9.4 mm (at RD 70 and 80 m). Along the
upstream side of crown, the displacements varied from 3.9 mm (at RD 150 m) to
11.2 mm (at RD 70 m), while along the downstream side of crown, it varied from
3.7 mm (at RD 150 m) to 8.8 mm (at RD 70 and 80 m). Along transformer hall
cavern, the displacements varied from 5.5 mm (at RD 130 m) to 8.1 mm (at RD
90 m) at center crown, while along the upstream and downstream sides of crown,
it varied from 4.8 mm (at RD 130 m) to 6.8 mm (at RD 10 m) and 5.8 mm (at RD
130 m) to 9.43 mm (at RD 90 m), respectively.

Along the upstream and downstream walls of powerhouse cavern, the magnitude
of displacement varied from 7.75 mm (at RD 150 m, El. 1039.36 m) to 28.03 mm
(at RD 80 m, El. 1031.06 m) and 8.15 mm (at RD 150 m, El. 1039.6 m) to 26.61 mm
(at RD 70 m, El. 1039.4 m), respectively. The displacement along the upstream wall
of transformer hall cavern varied from 13.71 mm (at RD 70 m, El. 1043.9 m) to
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stages of the excavation

24.3 mm (at RD 50 m, El. 1048.54 m), while that along the downstream wall varied
from 16.63 mm (at RD 70 m, El. 1043 m) to 32.5 mm (at RD 40 m, El. 1048.4 m).

Displacements at Various Stages of the Excavation: The displacement inside the
crown and walls of the caverns was obtained from the 3DEC analysis at the point of
anchor/sensor of the installed MPBX (4, 7, 10 m in crown and 7, 14, 20 m along the
walls). The three components of deformation, i.e., X-displacement (strike trending
N 170°–350°), Y-displacement (strike trending N 080°–260°), and Z-displacement
(trending vertical) at each stage of excavation,were obtained from themodel analysis.
The total deformation was computed as a resultant of these three components. For
crown of machine hall cavern, deformations with various stages of the excavation
were computed at RD 12, 65, 113, and 150 m, while for transformer hall cavern,
they were obtained at RD 13, 55, 84 and 125 m. For the upstream and downstream
walls of machine hall cavern, deformations were determined at RD 12, 65, 112, and
140 m at EL. 1039 m and at RD 12, 65, and 140 at El. 1029 m. For transformer hall
cavern wall, deformations were computed for RD 13, 55, and 125 m at El. 1038.5.
The graphical representation of deformations along the crown and walls of both the
caverns is depicted in Figs. 7, 8, 9, 10, and 11.
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Fig. 11 Deformations along a upstream wall and b downstream wall, at El. 1038.5 m at various
stages of the excavation

Displacements along Machine Hall Cavern: The deformations computed from the
model studies along the crown of machine hall cavern at various stages of the exca-
vation at the location of installed instruments are shown in Fig. 7a, b. Maximum
deformation was obtained at RD 65 m, where a cumulative displacement of 9.3 mm
was obtained after the complete excavation of the caverns. At RD 12, 113, and 150m,
the order of total deformations was 5.7, 5.3, and 3.78mm, respectively. Higher defor-
mations were obtained during the excavation of the crown part of the cavern, i.e.,
Stage-I and Stage-II. The gradually rising deformationswere obtained till the excava-
tion of the cavern up to El. 1029 m, i.e., up to Stage-VI after which the deformations
tend to stabilize and followed an almost horizontal trend (Fig. 7a, b). The relative
deformations after the excavation of Stage-VI were generally less than 0.1 mm.

Displacement obtained from the analysis along the upstream and downstream
walls of the machine hall cavern at El. 1039 m is shown in Fig. 8a, b. Along the walls
also maximum displacements were obtained at RD 65 m, where total displacements
of 32.38 mm were obtained along the upstream wall and 26.69 mm along the down-
stream wall. Maximum deformations were observed to occur during the excavation
from El 1038 to 1029 m, i.e., Stage-IV to VI, after which the deformations followed
an almost horizontal trend. Displacements along the walls at El. 1029 m are depicted
in Fig. 9a, b. Here also maximum deformations were observed at RD 65 m, where a
deformation of 19.98 mm was obtained for the upstream wall and 19.58 mm for the
downstreamwall. Most of the deformations were observed during benching between
El. 1029 and 1020 m.

Along the crown and walls of the machine hall cavern, maximum deformations
were obtained at RD 65 m. In this regard, it is pertinent to mention that this location
lies almost at the center of the area between rigid supports, i.e., steel rib support. As
such, the higher deformations at this location were in general accordance with the
stress distribution pattern of underground opening.

Displacements along Transformer Hall Cavern: Along the crown of transformer
hall cavern, maximum cumulative deformation of 8.97 mmwas obtained at RD 55 m
after the complete excavation of the cavern. The deformations obtained at RD 13, 84,
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and 125 m were of the order of 5.46, 4.93, and 3.56 mm, respectively (Fig. 10a, b).
Maximum deformations were obtained during the excavation of the crown (Stage-I
and Stage-II), i.e., excavation between El. 1056.5 and 1045 m, while deformation
trend at RD 13, 84, and 125 m followed a horizontal trend after the excavation of the
cavern up to El. 1043 (Stage-III). The deformations at RD 55 followed a gradually
rising trend up to the excavation of Stage-VI, i.e., benching up to El. 1033 m.

The graphical representation of displacements for the wall of the transformer hall
cavern at El. 1038.5 m is depicted in Fig. 11a, b. Here also maximum deformation
along both the walls was obtained at RD 55 m, where a displacement of 13.91 mm
was computed for the upstream wall and 18.37 mm for the downstream wall. Along
the walls, maximum deformations were obtained during benching between El. 1036
and 1033 m, i.e., excavation of Stage-VI. The deformations along both the walls
showed a gradually rising trend till the complete excavation of the cavern.

Factor of Safety: The model was considered to be elastoplastic with yielding of rock
mass at failure. Three-dimensional principal stresses were obtained from the model
after the final stage of excavation. These stresses along with strength parameters (mb,
s, a) were incorporated into 3DEC to obtain factor of safety (FoS) contours (Fig. 12)
at every 10 m RD for the model by using FISH programming in 3DEC code, using
the three-dimensional Hoek and Brown yield criterion as proposed by Melkoumian
et al. [19] for the analysis of failure state.

The FoS plots revealed that the shear/fracture zone had low values (less than 1)
indicating a failure in that zone. The pillar between the powerhouse and transformer
hall cavern showed increased FoS due to the stitching of the bus duct with cross bolts
in comparison with the model without cross-stitching them, though it did not have
any significant impact on the FoS of the shear zone. However, it did not influence
the overall stability of the caverns. The rock mass in the blast zone shows FoS close
to 1. The rock mass beyond the blasting zone was found to have factor of safety of
more than 2. In view of the low FoS obtained for the shear zone, longer rock bolts
of 18 m length were used in the shear zone along with extensive grouting by the aid
of 20-m-deep holes.

Performance of Support System: The performance of the installed support system
was evaluated by obtaining the failure state of the rock bolts as shown in Fig. 13. It
was observed that at some places, the bolts have reached the yield load of the rock
bolts (shown in red color in Fig. 13). The cables installed along the crane beam and
cross bolts installed to stitch the rock pillar between bus ducts have a positive effect
on the behavior of the rock mass (stress distribution). The axial force distribution in
cable anchors at crane beam and cross-stitching rock bolts along bus ducts is shown in
Fig. 14. The axial force distribution in the steel ribs at the crown of machine hall and
transformer hall caverns is shown in Fig. 15. The steel rib support is attributed toward
the proper redistribution of the stress along the crown affected by the shear zone and
other weak features. The same was also confirmed by instrumentation observation,
where complete cessation of deformation was observed after the installation of steel
rib support [4].
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Fig. 13 State of rock bolts in the caverns

Fig. 14 Axial stress distribution in the cable anchors at crane beam and cross bolts along the bus
ducts
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Fig. 15 Axial stress distribution in the steel ribs installed along the crown of the caverns

5.3 Comparison of 3DEC Modeling Results
with Instrumentation

To monitor the behavior of the rock mass during the course of the excavation of
the caverns, an elaborate and systematic geotechnical instrumentation program was
implemented at the site. The data was regularly collected and analyzed. The observed
deformations were regularly compared with the results of numerical analysis [4, 6].
The deformations obtained after the complete excavation of the caverns by 3DEC
analysis are compared with those observed by installed MPBX along the crown and
walls of the caverns and are discussed below.

Comparison of observed deformation with computed deformation along the
crown of the caverns: The vertical component of deformation (Z-deformation) was
obtained from the model at each sensor depth, i.e., 4, 7, and 10 m of installedMPBX,
from which the relative deformation between two sensor depths was calculated and
the total surfacial deformation was computed as the sum of the total deformation
between various depths. Instrument data was analyzed to determine the observed
deformation between two sensors, and the total observed surfacial deformation was
computed as the sum of the deformation observed at various depths. The compar-
isons of observed deformations along the crown of machine hall and transformer
hall caverns are given in Tables 11 and 12, respectively. The observed deformations
along the crown of both the caverns were generally less than those computed from
the numerical analysis, except at RD 113 m of machine hall cavern and at RD 12 m
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Table 11 Comparison of observed deformation with computed deformations along the crown of
machine hall cavern

Displacement in mm

Depth RD 12 m RD 65 m RD 113 m RD 150 m

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

At
crown

5.48 0.5 9.24 7.3 5.17 12.9 3.71 1.6

Between
crown
and 4 m

1.56 2.3 3.18 8.5 1.31 6.7 1.19 2.7

Between
4 and
7 m

3.69 −0.3 6.06 −3.9 3.86 −0.1 2.52 −0.5

Between
7 and
10 m

0.23 −1.5 0 2.7 0 6.3 0 −0.6

of transformer hall cavern, where higher deformations were observed as compared
to computed displacements. This variation is attributed to delay in the installation
of steel rib support at these chainages. In model simulation, the support system
was installed concurrently to excavation; however, the steel rib support in actual was
provided at least after nine to tenmonths of the excavation. It is also pertinent tomen-
tion that maximum deformation at these chainages was observed during the period
between excavation and installation of the support system. After the installation of
steel ribs along these chainages, deformations were completely arrested [4].

Comparison of observed deformation with computed deformation along the
walls of the cavern: The horizontal component (X-component) of deformation along
strike trending N 170°–350° was compared with the observed displacement recorded
by installed MPBX along the upstream and downstream walls of the caverns. The
comparison of both the walls of the caverns is discussed below.

Comparison of Observed Deformation with Computed Deformation along the Walls
of the Machine Hall Cavern: The displacement observed and obtained from the
model study along the upstream and downstream walls of the cavern at El. 1039 and
1029 m is summarized in Tables 13, 14, 15, and 16. The displacements recorded
along the upstream wall at both the levels were generally lower than those obtained
from the analysis, while along the downstreamwall, the observed deformations were
higher than the calculated deformations. The variation along the upstream wall may
be attributed to delay in the installation of instruments, which are generally installed
after three to four days of the excavation, and some part of the deformation was
lost during that period. The higher displacement along the downstream walls may
be due to the variation of the geological conditions (attitude of shear, its thickness,
pinching and swelling nature of the weak feature, localized variation in geotechnical
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Table 12 Comparison of observed deformation with computed deformations along the crown of
transformer hall cavern

Displacement in mm

Depth RD 13 m RD 55 ma RD 84 m RD 125 m

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

At
crown

6.98 18.1 7.89 7.9 6.9 9.7 6.18 11.2

Between
crown
and 4 m

3.45 16.3 2.19 8.2 1.19 −0.5 1.38 8.1

Between
4 and
7 m

3.53 −1.3 2.66 −1.2 4.15 7.5 4.80 −0.5

Between
7 and
10 m

0 3.1 3.04 0.9 1.56 2.7 0 3.6

aDeformation computed at 5 m, 10 and 5 m and surface and 5 m

Table 13 Comparison of observed deformation with computed deformations along the upstream
wall at El. 1039 m

Displacement in mm

Depth RD 12 m RD 65 m RD 113 m RD 140 m

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

At
crown

21.7 – 32.31 4.3 24.96 22.4 8.29 7.7

Between
crown
and 7 m

16.89 – 23.33 2.5 18.95 5.2 4.93 7.9

Between
7 and
14 m

4.74 – 8.78 1.6 5.91 15.7 3.54 −0.7

Between
14 and
20 m

0.07 – 0.2 0.2 0.1 1.5 −0.18 0.5

properties of rock mass and rock, and groundwater conditions) inside the wall which
may not be accurately projected into the model.

Comparison of Observed Deformation with Computed Deformation along the Walls
of Transformer Hall Cavern: Along the walls of the transformer hall cavern, instru-
ments (MPBX) were installed at RD 13, 55, and 125 m at El. 1038.5 m. The com-
parison of calculated and observed displacements along both the walls of the cavern
at El. 1038.5 m is summarized in Tables 17 and 18. The recorded displacements
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Table 14 Comparison of observed deformationwith computed deformations along the downstream
wall at El. 1039 m

Displacement in mm

Depth RD 12 m RD 65 m RD 113 m RD 140 m

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

3D
model

Inst.
data

At
crown

18.98 32.9 26.59 32.8 17.92 18 9.89 −33.7

Between
crown
and 7 m

13.78 29.1 20.60 6.3 12.25 9.9 5.14 −4.1

Between
7 and
14 m

3.66 −0.6 3.73 25.9 2.77 7.7 4.04 −2.1

Between
14 and
20 m

1.54 4.4 2.26 0.6 2.90 0.4 0.71 −27.5

Table 15 Comparison of observed deformation with computed deformations along the upstream
wall at El. 1029 m

Depth RD 12 m RD 65 m RD 140 m

3D
model

Inst. data 3D
model

Inst. data 3D
model

Inst. data

At crown 12.06 −39.7 19.89 10.7 3.65 4.6

Between crown and
7 m

6.03 0.5 9.12 7.7 0.27 3.6

Between 7 and 14 m 5.77 −0.6 10.53 1.6 3.4 −2.5

Between 14 and
20 m

0.26 −39.6 0.24 1.4 −0.02 3.5

Table 16 Comparison of observed deformationwith computed deformations along the downstream
wall at El. 1029 m

Depth RD 12 m RD 65 m RD 140 m

3D
model

Inst. data 3D
model

Inst. data 3D
model

Inst. data

At crown 12.49 32.55 19.48 53.1 1.53 −21.4

Between crown and
7 m

6.33 16.25 9.92 38.0 −0.17 −0.8

Between 7 and 14 m 3.82 13.6 6.12 0.7 1.16 2.2

Between 14 and
20 m

2.34 2.7 3.44 14.4 0.54 −22.8
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Table 17 Comparison of observed deformation with computed deformations along the upstream
wall of transformer hall

Depth RD 13 m RD 55 m RD 125 m

3D
model

Inst. data 3D
model

Inst. data 3D
model

Inst. data

At crown 10.96 0.9 13.9 2.2 10.14 4.1

Between crown and
7 m

7.47 0.4 10.18 1.3 6.2 3.1

Between 7 and 14 m 1.26 0.5 1.3 −0.3 2.64 1.3

Between 14 and
20 m

2.23 0.0 2.42 1.2 1.3 −0.3

Table 18 Comparison of observed deformationwith computed deformations along the downstream
wall of transformer hall

Depth RD 13 m RD 55 m RD 125 m

3D
model

Inst. data 3D
model

Inst. data 3D
model

Inst. data

At crown 13.77 5.6 18.21 1.4 13.49 3.7

Between crown and
7 m

7.3 1.5 10.81 1.3 7.16 1.6

Between 7 and 14 m 6.47 1.8 4.65 −0.5 6.33 −0.2

Between 14 and
20 m

0.0 2.3 2.75 0.6 0.0 2.3

were much less than those obtained from the numerical simulations. This may be
attributed either to delay in the installation of instruments or the variation in geolog-
ical conditions inside the walls which might have not been precisely projected into
the numerical model.

6 Conclusion

Stress analysis of the underground powerhouse caverns of the Mangdechhu Hydro-
electric Project was carried out at various stages of the excavation of the caverns
to optimize the support system and excavation methodology. The recommendations
based on the analysis were implemented during the construction of the caverns. The
models were regularly updated based on the encountered geological conditions. The
observed behavior of the rock mass in response to excavation was compared with the
simulated response. 3DECmodeling results correlated well with the instrumentation
data to a large extent. Deviation in some areas may be attributed to localized varia-
tion in prevailing geological conditions and strength of the rock mass and difference
between the actual excavation time and the time of installation of the instruments.
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The final three-dimensional model analyses well simulated the response of the rock
mass surrounding the caverns with respect to change in stress conditions as a result
of excavation. The model results showed that the support system provided along the
caverns in form of shotcrete, rock bolts, steel ribs, cable anchors, and cross bolts
between the bus ducts was adequate and enhanced the stability of the structures.
With adequate support system, the factor of safety was more than 1 in most of the
excavated area of the caverns. Some isolated areas in the blast-affected zone and
major part of the shear zone had factor of safety of less than 1. However, these zones
of low strength-to-stress ratio do not influence the overall stability of the caverns; the
same was also confirmed by the instrumentation observations which did not show
any alarming trends. Both the numeric model simulation and geotechnical instru-
mentation observation complimented each other and confirmed the stability of the
caverns.
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Enhancement of Sustainable Mortar
by Using Fine Glass Powder

Anand B. Zanwar and Yogesh D. Patil

Abstract The amounts of waste glass have expanded after some time because of
quick industrialization. Moreover, the majority of times has not reused this waste.
Concrete is the most generally utilized development element, and the large measure
of natural assets is needed to produce concrete. In this way, it is essential to examine
the feasibility of reusing of material waste glass as ingredients during the production
of mortar. This work describes the aftereffects of an examination directed to evaluate
the likelihood of using waste glass powder (WGP) obtained from glass industries,
as partial substitution of cement. The objective was to examine the effect of WGP
on the fresh properties of mortar. The WGP replacement content is considered as 0,
10, 20, 30, and 40% by weight of cement. Based on the outcome, it is found that
WGP shows pozzolanic characteristics. By using 20% WGP in the mortar, it was
concluded that compressive strength increases by around 11%. This result indicates
that the WGP has good pozzolanic reactivity. However, when the WGP replacement
level increases, the setting time of cement mix decreases.

Keywords Fresh properties ·Waste glass powder (WGP) · Cement replacement ·
Flowability · Compressive strength

1 Introduction

Concrete is a remarkable and critical auxiliarymaterial inmankind’s history. As com-
posed by Brunauer and Copeland the [1], “Man expends nomaterial aside fromwater
in such huge amounts.” It is presumed that with the advancement of human progress,
concrete will keep on being a popular development material later on. The present-
day cement industry, likewise, presents numerous ecological issues, for example,
contamination, squander dumping, the outflow of hazardous gases, consumption of
particular assets, and so forth.
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Similarly, as industrialization quickly expanding and standard living are changing,
the amounts of modern squanders have additionally expanded. To manage this cir-
cumstance, much consideration has been given toward the advancement of numerous
kinds of development materials from industrial squanders [2]. Likewise, a few sorts
of new waste are presently utilized as a part of assembling of an eco-accommodating
element which supplants the conventional materials. Recycled materials in develop-
ment are among the most alluring choices on account of vast amount, low-quality
necessity, and broad of development. Among different kinds of modern waste, glass
is viewed as the most reasonable substitute for a cementitious material because of
its physical and chemical attributes [3, 4].

Being shapeless and containing a vast amount of silicate, the soda–lime glass may
be used as cementitious material when it has a smaller particle size. Also, it shows
the pozzolanic activity [5, 6]. The glass powder indicates pozzolanic activity at a
particle size of around 300 µm. However, the WGP shows the maximum 90 days
compressive strength than fly ash when a size of WGP is less than 100 µm [5, 7, 8].

As per the past investigations, it seems that the utilization of WGP in concrete
production had logical inconsistencies in the available test outcomes. These logical
inconsistencies included fresh properties of cement altered with WGP.

For fresh properties concern, Khatib [9] demonstrated that there was an efficient
increment in the slump when WGP content in the blend increased. However, author
did not discuss the size dissemination of utilized WGP. Aliabdo [10] declared not
only the increase in the WGP increases the slump, but also that there is such a
significant influence ofWGPon the setting time of cement. Chikhalikar [11] explored
the attributes of SFRC cement containing 600 µm WGP. The author states that the
increase in concrete workability seen is maximum at about 40% WGP as cement
substitution. Nasar [12] used processed 15µmWGP and came about that workability
is seems to be increased with an increase in process WGP.

On the contrary, Vandhiyan [13] discussed the utilization of WGP which nega-
tively affects solid workability. Lu [14] explored thatWGP increases the setting time.
Subsequently, it is essential to think about the impact ofWGP on the fresh properties
of mortar when it is a substitution to cement.

2 Experimental Methods

2.1 Materials

Quartz sand is free from silt and a particle size is less than 2 mm as per IS 650:1991
[15] specification limits. The sieve size of sand conforms to IS 460 (Part 1):1985
[16]. The used ordinary Portland cement of grade 53 conforms to BIS 12269:1987
[17] is used. The usedWGP had particle size finer than 18µm and specific gravity of
2.25 in this investigation work. The chemical composition of Portland cement (PC)
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Table 1 Chemical
composition of used materials
by XRF

Cement WGP

SiO2 20.6 80.84

Al2O3 4.8 1.10

Fe2O3 3.5 0.04

CaO 64 7.50

MgO 0.1 0.38

K2O 3.4 0.30

Na2O 0.3 9.64

SO3 0.3 0.20

Loss on ignition 0.8

Table 2 Proportions of
different mortar mixes

Mix Cement: WGP: Sand W/cm

53C-0 1:0:3 0.35

53C-10 0.9:0.1:3 0.35

53C-20 0.8:0.2:3 0.35

53C-30 0.7:0.3:3 0.35

53C-40 0.6:0.4:3 0.35

and WGP is described in Table 1. The particle size of WGP is calculated by Blaine’s
air permeability method. For mixing and curing process, the potable water is used.

2.2 Experimental Parameters

In this research work, the fresh properties of mortar are discussed. This investigation
includes Pozzolanic effect, setting time, flowability, and compressive strength.

This research presented the effects of WGP as a substituent to cement in the
mortar is presented and considered 28 days compressive strength is considered. All
the mixes are prepared with water–cementitious ratio of 0.35. For all the work the
0, 10, 20, 30, and 40% WGP replacement of cement is taken. Mix proportions of
studied mortar mix is shown in Table 2. It ought to be noticed that control mortar has
not contained theWGP as a perspective blend, and remaining mix proportioned with
10, 20, 30, and 40% of cement substituted by WGP obtained separately (namely as
M-10%WGP, M-20%WGP, M-30%WGP, and M-40%WGP).
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3 Results and Discussions

3.1 Consistency, Setting Time, and Soundness

The primary tests are performed to find the performance of cement. These tests
include setting time, soundness, and compressive tests for the mortar. By calculating
the water requirement for standard consistency, estimate the value of setting time and
soundness. Figure 1 demonstrates the estimation of water necessity using the Vicat
test method with various WGP cement substitution stages. When the replacement
ratio of WGP increases, linear increment in water requirement is observed as shown
in Fig. 1. Each 10% increase in the WGP cement substitution linearly increases in
water requirement by approximately 7%. This behavior due to the finer size of the
WGP is compared to the cement particle. Due to the increase in the surface area of
the particle, the requirement of water increases.

The outcome of WGP toward initial and final setting time is described in Fig. 2.
When a percentage of WGP level increases, it is seen that the setting time goes on
decreases. The initial and final setting time linearly decreases compared to cement
around 10 and 7.5%. The values of setting time satisfy the conditions of ASTM C
150 [18] and BIS 4031 (Part 5) [19].
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Impact of utilization of WGP substituted to cement on the soundness method
seems to be negligible. As per the provision of ASTM C150, the most significant
permissible extensions are 10 mm, so all the tests with or without WGP fulfill the
points of confinement of these benchmarks. This conduct affirms that no significant
volume increased as an aftereffect regarding the nearness of WGP in the concrete
paste. This conduct might occur because of a minimum value of chemicals like lime,
magnesia, and sulfate percentage which is shown in Table 1.

3.2 Pozzolanic Effect on Mortar

The ASTM C 618 [20] mentioned some limits and conditions to use the WGP as
a pozzolanic material. The requirements contain the addition of SiO2 + Al2O3 +
Fe2O3 higher than 70% and strength activity index (SAI) minimum of 75% of control
mortar at curing of 7 and 28 days.

According to ASTM C 618 particular points of confinement, there are a few
prerequisites for considering WGP as a pozzolanic material. These prerequisites
incorporate physical and chemical properties. From Table 1, the chemical compo-
sition satisfies the points of confinement of ASTM C 618 of pozzolanic materials.
Also, SAI is obligatory to use the WGP as pozzolanic materials. SAI at given age
given by ASTM C 311 [21] is

SAI = average compressive strength of blended cementmortar

average compressive strength of controlmortar bars
(1)

The SAI at ages of 7 and 28 days around 92 and 104% individually is presented
in Fig. 4. From the result, it can be concluded that WGP of fineness 18 µm can be
used as the pozzolanic material.

3.3 Flowability

The outcomes for the flow table test with different percentage variation of WGP
mortar are presented in Fig. 3. The flow table test is performed as per the BIS code
1727:1967 [22]. In this test, keeping a constant flow of 110 mm is kept and the water
content for a different variation of WGP is shown in the figure. It is understood
that water content gets affected by the rise in the percentage of WGP in the mortar.
Compared to the control mortar, the water content for 10 and 20% WGP mortar
increases linearly by 4.76%, and for remaining each 10% increase in the percentage of
WGP, it increases linearly around to 7%. The requirement of water content increases
because of the smaller grain size and more surface area of WGP for the required
flow.
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3.4 Compressive Strength Test

The test is performance of the test is as per ASTMC 109 [23] in which the individual
compressive strength values are the mean of three specimens of size 50 × 50 ×
50 mm, respectively. Figure 4 presents the outcomes of the compressive strength
of various mixes having different percentage replacement of WGP as 0, 10, 20,
30, and 40%, respectively. It indicates that as the percentage replacement of WGP
increases beyond 20%, the compressive strength of mortar decreases. Compared to
control mortar, only 10%WGP mortar exceeded the compressive strength by 5.08%
at seven days age. Similarly, for 28 and 56 days, just mortar containing 10 and 20%
WGP had maximum strength compared to control mortar than 5.30 and 10.90%,
respectively.



www.manaraa.com

Enhancement of Sustainable Mortar by Using Fine Glass Powder 71

4 Conclusion

This research work evaluates the impact of WGP as a cementitious element on the
fresh properties of the mortar. From the research, work conclusion can be drawn as:

• WGP material satisfies the points of confinement of pozzolanic material. The
strength activity index is 92 and 104% at 7 and 28 days.

• Setting time ofWGP goes on decreasing as the percentage ofWGP level increases.
Use of each 10% WGP decreases the initial and final setting time linearly about
10 and 7.5%, respectively. Soundness of WGP seems to be similar to unblended
cement.

• Compared to the control mortar, the water content for 10 and 20% WGP mortar
increases linearly by 4.76%, and for remaining each 10% increase in the percentage
of WGP, it increases linearly around to 7%.

• The mortar containing 10 and 20% WGP had maximum compressive strength
compared to control mortar than 5.30 and 10.90%, respectively. The remaining
mortar had minimum compressive strength.
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Characteristics of Concrete Prepared
with Metakaolin and Recycled Coarse
Aggregates

Rakesh Muduli and Bibhuti Bhusan Mukharjee

Abstract The study tries to demonstrate the effect of metakaolin to enhance the
qualities of concrete prepared with natural coarse aggregates (NCAs) and recycled
coarse aggregates (RCAs). Recycled aggregate concrete (RAC) mixes are made by
substituting NCA with 100% RCA and ordinary Portland cement with 10, 15 and
20%metakaolin. The workability of fresh concrete mixes is evaluated by slump test.
Mechanical properties of concrete are evaluated by means of compressive strength,
splitting tensile strength and flexural strength after 28-day curing, and the corre-
sponding results are collated with reference concrete. The outcomes of the study
indicate that the compressive strength as well as splitting tensile and flexural strength
decrease when natural aggregates are replaced with 100% RCA. However, the use of
metakaolin up to 15% enhances the properties of both natural and recycled aggregate
concrete. The recycled aggregate concrete mixes show optimum performance at 15%
metakaolin replacement level and hence can be used in practical fields.
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NCAs Natural coarse aggregates
NFAs Natural fine aggregates
OPC Ordinary Portland cement
RAC Recycled aggregate concrete
RCAs Recycled coarse aggregates
SEM Scanning Electron Microscope
STS Splitting Tensile Strength

1 Introduction

The extensive utilization of concrete as a construction material serves as the main
reason for exhaustion of natural resources, since aggregates, which occupy a large
volume of concrete, are derived from nature; therefore, several countries across the
globe are confronting intense deficiency of natural aggregates. Again, enormous
quantities of C&Dwastes are produced due to the collapse or demolition of buildings,
roads and various civil engineering structures. A large extent (approximately 40%)
of these C&D wastes consists of waste concrete [1]. These wastes if not properly
balanced may cause various issues like scarcity of landfill space, environmental
pollution, vast resource dissipation and increase the transportation and disposal costs
[2, 3]. Therefore, recycling of discarded waste concrete and generating RCA present
a viable solution to the aforementioned issues. The RCA, which is obtained by
crushing, screening and sieving of waste concrete, is composed of NCA and adhered
mortar [4]. The concrete incorporating these RCAs is known to be RAC. Earlier
research works have demonstrated that RCA possesses some inferior properties like
high water absorption, low density, porous structure and lower strength than NCA
as old mortar is attached to its surface [5]. Therefore, a substantial degradation
in the properties of concrete is witnessed on using RCA in concrete [6]. Several
techniques have been proposed by many investigators to enhance the qualities of
RAC. Outski et al. [7] tried to improve the strength, carbonation resistance and
chloride penetration resistance of RAC by adopting a double mixing method. Wang
et al. [8] tried tomodify the characteristics of RCAby soaking it in acetic acid initially
and then by mechanical rubbing. Xuan et al. [9] adopted accelerated carbonation
technique to strengthen RCA. Dilbus et al. [10] added 5 and 10% silica fume to
upgrade the characteristics of concrete prepared with RCA. Kong et al. [11] adopted
a triplemixingmethod inwhich the RCA surface is coatedwith pozzolanicmaterials.
Another method to overcome drawbacks of RCA is the utilization of pozzolanic
materials like metakaolin in RAC mix.

Limited research works have been undertaken to study the effect of metakaolin
on RAC. Radonjanin et al. [12] stated that the CS and STS of RAC were enhanced
by 13 and 6.5%, respectively, by replacing cement with 10% metakaolin. Kou et al.
[13] detected an improvement in compressive as well as splitting tensile strength
when 15% metakaolin was used in RAC containing 50 and 100% RCA. Singh and
Singh [14] reported that use of 10% metakaolin in RAC showed better performance
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in mechanical properties. Kapoor et al. [15] used 10% metakaolin with 20% fly
ash in 100% RAC and observed that the shortcomings in properties of RAC can be
compensated by using metakaolin.

Use of waste material like RCA in concrete production reduces the problems of
waste management and facilitates the preservation of natural resources. The incor-
poration of metakaolin is very effective in improving the qualities of RAC, and the
properties obtained are very close to that of NAC. Limited research works have been
performed to demonstrate the behaviour of metakaolin in RAC. Moreover, the use
of the only specified amount of metakaolin (10 or 15%) in RAC has been reported in
the existing literature. The effect of different quantities of metakaolin on properties
of RAC as well as the optimum percentage of metakaolin for better performance of
concrete containingmaximumquantity (100%) of RCA is yet to be addressed. There-
fore, the present study aimed at determining the optimum percentage of metakaolin
for production of concrete utilizing maximum quantity of RCA. Based on the above
objective, a detailed experimental programme is carried out to examine the CS, STS
and FTS of concrete containing RCA and metakaolin and hence popularize its use
in practical field applications.

2 Experimental Programme

2.1 Materials

OPC of grade 43, sticking to the specifications of IS: 8112-1989 [16], was utilized for
manufacturing concrete specimens. Metakaolin, utilized in the present experimental
work,was procured fromKaomin Industries,Gujarat, India. The fineness and specific
gravity ofmetakaolinwere obtained as 12,600 cm2/g and 2.64, respectively. TheSEM
micrograph of metakaolin is provided in Fig. 1, which indicates that metakaolin
consists of fine particles of random size and geometry having rough surface texture.
The chemical composition of metakaolin was determined and furnished in Table 1.
FromTable 1, it is seen that themajor compounds present inmetakaolin are silica and
alumina which are responsible for the pozzolanic properties of metakaolin particles.
Standard tests were performed in the laboratory to find out various physical and
mechanical properties of cement like consistency, specific gravity, fineness, setting
time and mortar strength at 28 days, according to BIS specifications, and the results
of the same are provided in Table 2.

Table 1 Chemical composition of metakaolin

Compounds SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Loss on
ignition

Content (%) 53.56 41.5 1.38 0.03 0.02 0.18 0.76 1.54 0.8
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Fig. 1 SEM micrograph of Metakaolin

Table 2 Characteristics of cement

Consistency
(%)

Specific
gravity

Fineness
(cm2/gm)

Setting times
(min)

Strength of mortar
(MPa)

Initial Final 3 days 7 days 28days

32 3.15 3200 65 275 24.23 33.53 45.30

Clean river sand of grading zone II conforming to IS: 383-1970 [17] was utilized
as NFA in the present investigation. The RCAs were collected by crushing the large
concrete pieces obtained from the roof of a razed building near locality, and NCAs
were collected from a local dealer. The nominal size of both RCA and NCA was
maintained 20 mm. The grading analysis of coarse aggregates (NCA and RCA) and
fine aggregate was carried out by following the procedures of IS: 2386-1963 [18],
and the results are illustrated in Figs. 2 and 3, respectively, with the limits specified
by IS: 383-1970 [17]. The other mechanical as well as physical properties of NFA,
NCA and RCA were found out according to IS: 2386-1970 [19], and the results of
the same are presented in Table 3. Normal tap water conforming to IS: 10500-2012
[20] was utilized for producing concrete specimens.
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Table 3 Properties of aggregates

Type of
aggre-
gates

Specific
gravity

Fineness
modu-
lus

Bulk density
(kg/m3)

Impact
value
(%)

Abrasion
value
(%)

Crushing
value
(%)

Water
absorp-
tion (%)Loose Compact

NFA 2.63 3.21 1548 1666 – – – 0.8

NCA 2.85 6.95 1577 1792 17.28 14.3 20.5 0.36

RCA 2.35 7.00 1336 1505 32.4 20.23 29.2 4.32
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2.2 Concrete Mix Proportion

The concrete mixes were prepared by substituting NCA with 100% RCA by volume
and to study the influence of metakaolin, the OPC was partially substituted with
10, 15 and 20% metakaolin. The design of all concrete mixes was undertaken for
M30 grade according to the procedures of IS: 10262-2009 [21]. The water-to-binder
ratio was taken as 0.43, and slump of all concrete mixes was kept within 70–90 mm.
The concrete mixes were designed by assuming the aggregates to be in surface
saturated dry (SSD) condition. However, while casting air dried aggregates were
used. Therefore, to compensate the water absorption of air dried aggregates and to
bring these into SSD condition, additional water was added during mixing based on
the water absorption as well as free surface moisture of the aggregates so that the
slump is maintained within the desired range (70–90 mm). The quantities of various
ingredients required per 1 m3 of concrete are provided in Table 4.

2.3 Specimen Production, Curing and Testing

For each concrete mix, three 150-mm cubes, 150-mm-diameter cylinders and
100 × 100 × 500 mm prisms were casted and kept under water for curing at
27± 2 °C temperature for 28 days. TheCS of cubes and STS of cylindrical specimens
were tested in compressive strength testingmachine of 2000 kN capacity after 28-day
curing in accordance with BIS specifications. The FTS of prisms was determined in
flexural strength testing machine of 1000 kN capacity. While carrying out flexural
strength testing, the rate of loading was maintained according to IS: 516-1959 [22].

3 Results and Discussion

3.1 Workability

Theworkability of fresh NAC and RAC containing different quantities of metakaolin
is evaluated in terms of slump and provided in Table 4. It is seen that the slump of
concrete mix containing only NCA is 75 mm which rises to 88 mm when NCA is
substituted by 100% RCA. The higher value of the initial slump for RAC mixes is
because of the presence of extra water added duringmixing tomeet thewater demand
of RCA. However, later this water gets absorbed by RCA and hence does not affect
the hydration and strength development of concrete. The incorporation ofmetakaolin
at 10, 15 and 20% by weight of cement in NAC reduces the slump slightly to 72, 72
and 70 mm, respectively. Similarly, when 10, 15 and 20%metakaolin is used in RAC
the slump value reduces to 86, 85 and 81 mm, respectively. The lower value of slump
for metakaolin blended concrete mixes is due to the finer particles of metakaolin
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possessing higher surface area. Since the reduction in slump is very less, the use of
metakaolin in concrete does not have a significant effect on workability of concrete.

3.2 Compressive Strength

The cube CS of NAC and RAC with metakaolin after 28 days is furnished in Fig. 4.
It is found that the CS of control mix (without RCA and metakaolin) is 40.43 MPa.
When metakaolin is used at 10, 15 and 20% replacement level in NAC, the CS
increases to 44.48, 45.36 and 43.82 MPa, respectively. This shows that the CS of
NAC mixes is enhanced by 10, 12.2 and 8.4% with respect to control mix by using
10, 15 and 20% metakaolin in NAC, respectively. The CS of RAC mix containing
only 100% RCA is 32.35 MPa which is 20% less than the CS of control mix. This
strength degradation of RAC mix is generally associated with the lower properties
of RCA like high water absorption, porous and week microstructure, and lower bond
strength [23]. The reduced CS of RAC mixes is observed to be compensated by
adding metakaolin. It can be seen that on adding 10, 15 and 20% metakaolin to fully
RAC, the compressive strengths are increased to 36.22, 38.05 and 35.31 MPa, which
are 12, 17.6 and 9.1% higher than RAC without MK, respectively. This enhancing
effect of MK in both RAC and NAC is attributed to the pozzolanic and filler effect of
MK. Again it can be visualized from the aforesaid figure that the strength-enhancing
effect of MK is more pronounced in case of RAC than NAC. This trend may be
because of the presence of huge amount of pores in RCA than NCA. When MK is
added, the hydration products (CSH gel) resulting from the pozzolanic reaction of
MK with Ca(OH)2 enhance the strength and fills the micro-cracks to improve the
properties of RAC. Again a part of fine particles of MK enters into the pores and
causes pore refinement [24]. Moreover, significant strength development in RAC is
achieved at 15% metakaolin replacement level, which is very close to the control
mix. Hence RAC can suitably be used by completely substituting NCA with RCA
at this percentage.

3.3 Splitting Tensile Strength

Figure 5 depicts the result of STS of cylindrical specimens of different concrete
mixes. It is reported that the mix without RCA and metakaolin has a STS of 3.16
Mpa, which is enhanced by 8.5, 7.3 and 3.2% by replacing cement with 10, 15 and
20% MK, respectively. At 100% replacement, the STS of RAC mix is reduced to
2.68 MPa, which is 15.2% lower than the control mix. The decline in STS of RAC
mix is caused by the lower properties of RCA, due to the existence of residualmortars
on its surface [25]. However, when 10, 15 and 20% MK is incorporated into RAC
mix, the STS is found to be enhanced by 10.4, 15.7 and 9%, respectively. This STS
improvement of both NAC and RAC may be due to the strengthening of microstruc-
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ture of ITZ and improvement in bonding of RCA with new cement paste caused by
the pozzolanic effect of MK [24]. It can be noticed that the rate of strength improve-
ment is more in RAC than NAC. The NAC mix attains maximum strength at 10%
MK replacement percentage, whereas for RACmix, the corresponding percentage is
15%. This behaviour may be because of the presence of more pores andmicro-cracks
in RCA which requires higher quantities of MK for its improvement. The STS at
15% replacement level is only 1.9% less than the control concrete, which confirms
the suitability of use of RAC in concrete production with MK. At higher percentage
of MK, the strength improvement is very poor, which may be due to the lack of
Ca(OH)2 for pozzolanic reaction of metakaolin and the presence of unhydrated MK
particles inside concrete.

3.4 Flexural Strength

The development of FTS of both RAC and NAC at 28 days with MK percentage
is illustrated in Fig. 6. The FTS of control mix is observed to be 4.59 MPa, which
becomes 5.06, 4.98 and 4.78MPa for 10, 15 and 20%MK replacement level, respec-
tively. Again it is seen that the FTS is reduced by 15% to a value of 3.9 MPa when
NCA is substituted with RCA. This decrease in FTS value is caused by poor bond
strength and weak transition zone between RCA and new cement matrix [26]. Fur-
thermore, the strength enhancement of RAC could be achieved by incorporatingMK
in RAC. The outcomes of the investigation show that on replacing MK at dosages
of 10, 15 and 20%, the FTS is improved by 11.3, 13.8 and 10%, respectively. The
strength improvement of both RAC andNAC is caused due to the strengthening of the

0

6

12

18

24

30

36

42

48

54

0% 100%

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

RCA %

0% Metakaolin 10% Metakaolin

15% Metakaolin 20% Metakaolin

Fig. 4 CS of concrete mixes at 28 days



www.manaraa.com

82 R. Muduli and B. B. Mukharjee

microstructure and the refinement of pore by the hydration products formed during
the reaction of MK with Ca(OH)2. Similar to STS, the rate of strength improvement
is more for RAC than NAC. The maximum FTS for NAC is obtained at 10% MK,
while for RAC it is obtained at 15%MK replacement level. The FTS of RAC at 15%
MK is very close to that of control mix. For a higher percentage of MK, the rate of
strength development decreases.
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3.5 Comparative Study Between the Present Results
and Previous Findings

Though the research works incorporating RCA and metakaolin in concrete are lim-
ited, a comparative study has been conducted between the results of several available
literature [12–15] and the present results. It is reported by Kou et al. [13] that the
improvement in 28-day compressive strength of concrete containing 100%RCA and
15% metakaolin is 8.16% while the same for the present study is 17.6%. This shows
that better performance in CS is observed for the present study than those of Kou
et al. [13], which may be due to the use of high-quality RCA and metakaolin in the
present study. Similarly, the improvement in CS of concrete mixes prepared with
100% RCA and 10% metakaolin, as reported by Singh and Singh [14], Kapoor et al.
[15] and Radonjanin et al. [12], is 3.6, 11.46 and 13.12%, respectively, while the
corresponding value for the present study is found as 12%. This indicates that the
present result is consistent with the previous findings except for the results of Singh
and Singh [14]. Similarly, the enhancement in STS of concrete mixes containing
100% RCA and 15% metakaolin is 17.3% for the work performed by Kou et al.
[13] while it is 15.7% for the present study. This indicates that the STS results of
the present study are comparable with the result of Kou et al. [13]. Moreover, for
concrete mixes with 100% RCA content and 10% metakaolin, the improvement in
STS is 6.45%, as reported by Radonjanin et al. [12] while better result (10.4%) is
obtained for the present study.

4 Conclusion

The present investigation has been performed to access the effect of varying percent-
age of metakaolin on properties of both NAC and RAC. For this experimental work,
10, 15 and 20% MK are used as a partial substitution of cement in both NAC and
RAC mixes. Workability and mechanical properties of the aforementioned mixes
have been determined. The conclusions obtained after analyzing the experimental
outcomes are stated as follows:

• The compressive strength as well as split and flexural tensile strength of concrete
mixes decreases when NCA is replaced with RCA due to the lower properties of
RCA like low density, high water absorption, higher porosity and lower crushing
and impact value.

• The workability of RACmixes is higher than NACmixes due to the availability of
extra water initially within the RAC mixture added to meet the water absorption
of RCA. The use of metakaolin slightly reduces the slump value of both NAC and
RAC due to higher surface area of metakaolin particles.

• The CS of NAC and RAC mixes is enhanced by replacing cement with 10–15%
metakaolin. The use of 15% metakaolin enhances the CS of RAC to a maximum
of 38.05 MPa which is very close to the CS of control mix.
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• For NAC mixes, maximum enhancement in flexural and split tensile strength is
observed at 10%metakaolin replacement level, whereas the same for RACmixes is
obtained at 15% metakaolin replacement level. Both the flexural and split tensile
strength of RAC mixes at 15% metakaolin replacement level are close to the
flexural and split tensile strength of the control concrete.

• The percentage of strength improvement is higher in RAC than NAC which may
be due to the existence of more pores, micro-cracks and inferior properties of RCA
which facilitates the strength development.

• The performance of RAC is improved greatly by includingMK at a dosage of 15%
in concrete. At higher doses of MK, the rate of strength enhancement decreases.
Hence, 15% metakaolin replacement level is regarded as the optimum percentage
for better performance of RAC, and the RAC mix incorporating 100% RCA and
15% MK can suitably be used for construction work in place of NAC.
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10. Dilbas H, ŞimşekM, Çakır Ö (2014) An investigation onmechanical and physical properties of
recycled aggregate concrete (RAC)with andwithout silica fume. Constr BuildMater 61:50–59.
https://doi.org/10.1016/j.conbuildmat.2014.02.057

11. KongD, Lei T, Zheng J et al (2010) Effect andmechanism of surface-coating pozzalanics mate-
rials around aggregate on properties and ITZ microstructure of recycled aggregate concrete.
Constr Build Mater 24:701–708. https://doi.org/10.1016/j.conbuildmat.2009.10.038
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A Relook on Dosage of Basalt Chopped
Fibres and Its Influence
on Characteristics of Concrete

Sanket Rawat , Rahul Narula , Nitant Upasani and G. Muthukumar

Abstract In the recent years, the need for the sustainable yet economically viable
structural materials has drawn the special attention of the construction industry apart
from the traditional parameters concerning safety and serviceability. One such mate-
rial of interest gaining popularity in the twentieth century is the basalt fibre, due to
its cost-effectiveness and desirable engineering properties, especially with respect to
fire resistance. Basalt fibres are formed from basalt rocks and hence fulfil the concept
of sustainable design and green building. Basalt can commonly be used as structural
reinforcing material in the form of bars, sheets, chopped fibres, etc. Talking specif-
ically about chopped basalt fibres, the dosage of fibre plays an important role in its
case. This paper mainly highlights the existing studies on the optimum dosage of
chopped basalt fibres with respect to strength aspect and points out several critical
comments on relation of fibre content with workability through experimental testing.

Keywords Basalt fibres · Dosage · Strength ·Workability

1 Introduction

The stride of technological advancement has also impelled the engineering fields to
expand their horizon and develop new materials for real-time applications which not
only satisfies the need of the day but also adapts to the ever-changing environment.
Specifically, in civil engineering applications, the use of sustainable and energy effi-
cient materials has become an important functional element of design along with the
safety and serviceability aspects. Composite materials are an example of recently
emerged materials in design due to their diversified advantages in terms of high
mechanical properties, low specific weight, durability, etc. Carbon and Glass fibres
are two of such materials which have gained significant attention due to excellent
mechanical performance and durability. However, their use is still an environmen-
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tal concern as incineration of discarded fibres generates plenty of smoke, unhealthy
odours and can cause damage to the equipment [1]. To overcome such environmen-
tally hazardous concerns, basalt has emerged as a suitable type of fibre, which has
found multiple applications in many fields. In the 1990s, basalt found its way in mul-
tiple applications of civil engineering field and is now recognized as ‘the twenty-first
century non-polluting green materials’ [1, 2]. The manufacturing process of basalt
fibres is analogous to that of glass fibres; however, the former requires lesser energy
and no additives, which is the main reason of its lower cost [3]. Basalt fibres are
produced from natural volcanic basalt rocks, by putting them as raw materials into
furnace for melting, which is further forced through suitable crucible bushings to
produce the fibres. Moreover, recycling of basalt fibre resins also leads to the same,
natural basalt powder, which can be used again [4]. Overall, basalt fibres are com-
pletely natural, inert and cost-effective and possess excellent mechanical properties,
corrosion resistance, thermal resistance and sound absorption [1, 3, 5, 6]. Due to the
aforementioned forte, basalt fibre-reinforced polymer composites are used in various
infrastructural applications in different forms, viz. as basalt rebars, sheets, chopped
fibres, fabrics and meshes. The present study is mainly aimed towards the recent
developments in the use of chopped basalt fibres and the effect of its addition on
the mechanical properties of concrete. One of the foremost concerns in the use of
chopped basalt fibres is the dosage which can significantly affect the workability
and strength of the concrete. Therefore, the assessment of optimum dosage is very
important at which the strength and workability are as desired and do not adversely
affect the concrete characteristics. To provide a better understanding of the optimum
dosage, the present study briefly reviews the existing literature representing the effect
of dosage of basalt fibre and highlights some critical inferences. Experimental testing
results are also presented distinctly to check the effect of dosages on workability of
concrete, and the same are compared with results available in the existing literature
to reach to a conclusion which would benefit the future research in this area.

2 Performance of Basalt Chopped Fibres in Structural
Members

Chopped basalt fibres are relatively new and have recently started being employed
in several studies as reinforcements for the concrete. The first use of the basalt
fibres was reported in 1998 for the Highway Innovations Deserving Exploratory
Analysis (IDEA) Project 45 [7], and it was found that basalt fibres can show encour-
aging outcomes. Thereafter, the possibility of its use in structural applications also
acquired significant attention. Existing literature suggests that the use of basalt fibres
undoubtedly led to a positive effect in case of flexural strength and splitting tensile
strength; however, their effect on compressive strength is still under reservation due
to dissimilar performance in different investigations. Kabay [8] demonstrated that
the inclusion of basalt fibres in normal as well as high strength concrete can lead
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to massive improvement in flexural strength (9–13%), fracture energy (126–140%)
and reduction in abrasion wear (2–18%). However, the compressive strength of con-
crete generally decreases on addition of basalt fibres. Irine [9], on the other hand,
showed that compressive strength of concrete also improves along with the splitting
tensile strength and flexural strength with the use of basalt fibres. Jiang et al. [10]
also showed the increase in concrete compressive strength of about 0.18–4.68%with
12 mm basalt fibres and approximately 0.55–5.72% with 24 mm length basalt fibres.
Ayub et al. [11] demonstrated that with the inclusion of basalt fibres in high strength
fibre-reinforced concrete, considerable increase in the strain is observed correspond-
ing to ultimate compressive strength (4.85–12.24%) and toughness (3.8–47.45%).
Ramakrishnan et al. [12] showed that the addition of chopped basalt fibres (13 mm
in length and 12 µm in diameter) can decrease compressive strength and flexural
strength of concrete however improve impact strength and flexural toughness. On
the other hand, Borhan [13], who used basalt fibres, 25.4 mm in length and 13 µm
diameter, showed that even compressive strength can increase up to 0.3% by volume
addition of basalt fibres. The test results from an analogous research conducted by
theKyivNational University of Construction andArchitecture [14] showed improve-
ment in flexural and compressive strength on the addition of basalt fibres (24 mm
long and 16 µm in diameter).

Dong et al. [15] also confirmed that the inclusion of basalt fibres enhances the
mechanical properties, strength and ductility of recycled aggregate concrete by
strengthening the interfacial transition zone. Meng et al. [16] and Lu et al. [17]
showed that the use of basalt fibres in BFRP bar-reinforced recycled aggregate con-
crete can limit the contraction of concrete and hence can reduce the bond stress with
BFRP bars. However, increase in basalt fibre content might lead to reduction in bond
strength. Moreover, Jiang et al. [10] found the beneficial effects of basalt fibres,
e.g. bond strength, started degrading after 28 days and diminished significantly after
90 days. This may imply that basalt fibres are susceptible to a similar degradation
mechanism as of glass fibres in concrete due to the reactions between the silicate
component in the fibres and alkali solution in the cementitious matrix [3]. There-
fore, coating of basalt fibres with a polymeric or protective matrix may be necessary.
Therefore, Mahmoud et al. [18] developed basalt fibre pellets (basalt fibre encapsu-
lated by polyamide resin), and nano silica was added in the concrete reinforced with
basalt pellets. It was observed that nanomodified basalt fibre pellets (36 mm length)-
reinforced concrete showed significant enhancement in residual flexural strength,
ductility, flexural toughness, post-cracking behaviour and bond strength to GFRP
bars.

The performance of basalt fibres is found to be unfavourable under alkaline expo-
sure condition. Therefore, attempts have been made to improve their performance
through the use of surface coating agents, addition of cement and concrete addi-
tives or improving the composition by increasing the content of alkaline resistant
constituents. It was found that the indirect tensile and flexural properties of basalt
fibres can considerably be improved in the alkaline environment by modifying them
with surface coating agent, e.g. silane [19]. Furthermore, Lipatov et al. [20] also
showed that basalt fibres produced with appropriate zirconia content can signifi-
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cantly improve its performance in alkaline environment and long-term mechanical
properties by reducing fibre corrosion in the cementitious matrix. Therefore, it can
be affirmed that basalt fibre can significantly affect the strength, displacement and
bond characteristics of concrete, and though the behaviour of basalt fibres is estab-
lished under various loading conditions, further research can be done to investigate
the effect of properties of fibre surface on the bond performance with concrete.

3 Observations on Dosage of Basalt Fibres

It has been generally observed that workability of high strength concrete is nega-
tively affected by the increase in basalt fibre content [21]. Kizilkanat et al. [22] also
showed that the inclusion of basalt and glass fibres reduced the workability; however,
relatively, the glass fibre-reinforced concrete had lower slump value than basalt fibre
counterparts. Iyer et al. [23] also found the reduction in workability of concrete on
increase in the fibre length and content.

To evaluate the optimal parameters for basalt fibres, Elshafie andWhittleston [24]
after their comprehensive literature review to obtain the optimum length and content
of basalt fibres concluded that for optimal performance inmechanical strength, basalt
fibre of dosage between 0.1 and 0.5% should be used with length in between 12 and
24 mm. However, Revade and Dharane [25] and Ayub et al. [26] confirmed the
optimum basalt fibre content value for compressive strength as 1.0 and 2.0% (for
high-performance concrete), respectively. Katkhuda and Shatarat [27] also showed
that the maximum compressive strength value is 1.0% fibre volume in recycled
aggregate concrete. Generally, in the case of basalt fibres, the existing research shows
its addition is beneficial up to approximately 0.3–0.5% by volume and detrimental
thereafter [10, 13, 23]. However, it has been observed that the optimum content
of fibre can differ for different types of concrete such as geopolymer concrete and
concrete mixed with supplementary cementitious material. [26, 28]. Using higher
length (50 mm) and content of fibres (12 kg/m3) can lead to clumping of fibres [23].
Table 1 depicts a compilation of the adoption of dosage of basalt fibres by the existing
literature and the respective effect on concrete characteristics.

4 Experimental Investigations on the Effect of Basalt Fibre
Dosage on Workability of Concrete

It can be clearly observed from Table 1 that the percentage variation of the dosage
of basalt fibre in the existing literature results in scattered perspective. Different
researchers have presented different opinions about the effect of addition of basalt
fibre on the characteristics of concrete. A general statement can be inferred that addi-
tion of basalt fibre will lead to reduction in workability of concrete. However, a con-
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clusion cannot be drawn about the most optimal amount of basalt fibre as the results
available are fairly inconsistent. For instance, Ayub et al. [11] reported that even on
the addition of 3% basalt fibre, the workability was not reduced much and no balling
effect was observed. On the other hand, Iyer et al. [23] found that clumping of fibres
was observed on0.46%fibre content.With somuchvariation in a commonobservable
fact, it becomes necessary for the future researchers to further analyse the available
research data as well as in performing more experiments to come to a common
consensus. Therefore, the effect of fibre dosage on workability is reanalysed in the
present study to get a clear assessment of the workability relation with fibre content.

Five different fibre contents were chosen, i.e. 0.2, 0.3, 0.5, 0.7 and 1.0%by volume
of concrete and mixed in normal strength concrete, M30 grade, to check its effect
on workability. Basalt fibres were randomly mixed in concrete, and the method of
mixing was referred from Jiang et al. [10] and Sarmah et al. [35]. Minimum target
slump was chosen as 50 ± 10 mm as mentioned in Cl. 7.1 of IS 456 [36] for light-
reinforced concrete structures. The mixing of concrete was done at Pilani, India.
Fosroc Conplast SP430G8 grade of superplasticizer was used to achieve the target
slump in case if the workability is reduced in trials.

It was observed that workability is adversely affected by the inclusion of fibre
in concrete. Table 2 depicts a summary of the adopted superplasticizer dosage to
achieve the required target slump with respect to different basalt fibre contents.
Though at lower fibre content (0.2–0.5%), the use of superplasticizer was effective
in countering the reduction in the workability, it was observed that the required
percentage of superplasticizer by weight of cement has increased beyond 1% for
higher fibre dosage. For 1% fibre content, even 1.5% superplasticizer content was
not enough to reach to the target slump. Generally, it is not advisable to increase the
superplasticizer content beyond 1.5% as the setting time is severely affected with it,
which ultimately creates a challenge in demoulding of the specimens or removing
the formwork at site conditions. Moreover, it was observed that beyond 0.5% fibre
content, the mixing of concrete also becomes difficult as at higher content fibres
act like a cushion in concrete which hinders the closer packing of its constituents.
Figure 1 shows a comparison of finishing surface at 0.2 and 1% fibre content of
100 mm × 100 mm × 500 mm beams. It can be clearly observed that at 1% fibre
content, the surface finish is relatively poor with lots of internal voids, due to the
improper mixing of concrete. Therefore, it is recommended that fibre content should
be kept below 0.5% to obtain the optimum results in cases whereworkability is acting
as a design parameter.

Table 2 Effect of basalt fibre on superplasticizer dosage (target slump—50 ± 10 mm)

Basalt content (%) Superplasticizer content
(%)

Basalt content (%) Superplasticizer content
(%)

0 0.4 0.5 0.9

0.2 0.6 0.7 1.2

0.3 0.7 1 1.5
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Fig. 1 Basalt fibre-reinforced concrete beam at a 0.2% and b 1% fibre content

5 Conclusion

The present study briefly highlights the existing findings about the behaviour of
chopped basalt fibres on strength and workability of concrete. It was observed that
the addition of basalt fibers does not significantly influence the compressive strength
of concrete. However, the mode of failure was found to be improved from brit-
tle to ductile mode. Moreover, basalt fibre can significantly increase the tensile
strength, flexural toughness and energy absorption capacity. The existing literature
also suggests that higher dosage of basalt fibre can negatively affect the workability
of concrete. However, to identify about the corresponding dosage of basalt fibre,
an experimental investigation has been conducted in the presented study and it is
concluded that the basalt fibre content should be limited to 0.5% in cases where
workability and setting time are given significance in the design.
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Influence of Nano-modification
on Strength Parameters of Concrete

Himanshu Sharma , Basit Majeed and Sanjay Sharma

Abstract Production of cement results in the release of carbon in the atmosphere
resulting in degradation of environment. Involvement of nanotechnology in concrete
production candecrease the consumptionof cement in concrete. In this study, an effort
has been made to analyze the influence of nano-modification on the workability and
strength parameters of concrete. For the purpose of nano-modification, nano CaCO3

(NC) was utilized. Concrete mixes were prepared with 1 and 2% content of nano
CaCO3 with respect to the weight of the binder. As per the study, when cement was
replaced with NC, the strength properties of concrete were significantly improved.
Compressive strength results of NC-added mix after a curing period of 28 days show
the highest improvement in strength of about 60% in comparison with a controlled
mix. Addition of NC reduces the pores and capillaries in the concrete making the
concrete more durable. Addition on NC also increases the flowability of the mix
making the mix more workable.
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1 Introduction

Concrete is one of the dynamic products of the construction industry always remains
in high demands. Concrete is preferred above all building materials for its versa-
tile properties like strength, plasticity, elasticity modulus, and workability. These
properties of conventional concrete were satisfactory for the early 1950s. In early
1960’s with the growth of construction industry and demand of new and unique
designs, concrete with a load-carrying capacity of 50–95 MPa was required [1, 2].
To fulfill the requirement, a new type of concrete with the name of high strength con-
crete (HSC)was introduced towithstand a loadof 50–90MPa [3, 4]. Thedevelopment
of HSC is done by proper mix designing ratio and using various mineral admixtures
[5]. For the development of concrete with high strength, i.e., HSC the content of
cement and aggregates required is too high as compared to conventional concrete.
To compensate this concern, a large number of supplementary materials like fly ash,
metakaolin, and silica fume were introduced for the development of HSC [6–8]. Sil-
ica fumeswere introduced inHSC; it increases the strength of themix [8–12]. Studies
[13–16] have shown the feasibility of replacement of large quantity of cement with
fly ash which not only makes the mix economical but also increases the flowability of
the mix. With the advancement in the technology, nano concrete has been introduced
to fulfill the requirements of HSC and ultra-high performance concrete (UHPC).

Any concrete mix utilizing nanoparticles of size less than 500 nm is termed as
nano concrete [3, 17–21]. It is believed that nanoparticles increase the strength of the
concrete mix by packing model structure. The nanoparticles also perform as fillers as
they possess the ability of making the concrete mix dense by fill up the pores. Adding
nanoparticles not only increases the strength properties of the mix but also acceler-
ates the hydration reaction, as the water trapped in the pores of the concrete mix is
utilized as free water for the hydration process [2, 22, 23]. Besides the utilization of
fly ash, metakaolin, silica fumes, etc., in the concrete mix, limestone powder has also
been utilized.A blend of cement, fine aggregate, and limestone fines can considerably
increase the packing density [24]. It is believed that the addition of limestone powder
accelerates the hydration process increasing the strength properties of concrete and
also improves other properties of fresh concrete mix like flowability etc. The pres-
ence of limestone acts as filler, increasing early age hydration of OPC by providing
supplementary surface area for the precipitation of hydration products [25–29]. The
utilization of limestone is not restricted to filler effect; it also provides some chemical
reactions. Some studies [25, 30–36] have shown that calcium monosulfoaluminate
remains inactive whenever calcium carbonate is present, but the existence of CaCO3

in limestone powder reacts with the aluminate hydrates which are formed by the
hydration of cement. So calcium monocarboaluminate and calcium hemicarboalu-
minate hydrate will be formed, which will result in the increased quantity of total
hydration product. This increased quantity of hydration products will lead to dense
mix and increased strength. This chemical reaction is, however, not very noticeable
as there is limited content of aluminate in anhydrous clinker. The high strength of
concrete can be achieved by using microparticles as the grains are closely packed
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[37]. Addition of nanoparticles can improve several properties of concrete including
strength properties. The incorporation of nanoparticles in concrete has shown much
more positive results as compared tomicroparticles. In recent years, a limited amount
of research has been conducted on nano CaCO3. Therefore, the aim is to analyze
the workability and strength parameters of concrete by incorporating nano CaCO3

in concrete.

2 Experimental Details

2.1 Materials

OP cementwas used for the preparation of all concretemixes. Powdered nanoCaCO3

(NC) with a particle size of 15–60 nmwas used for preparing nano concrete. Some of
the properties (physical and chemical) of cement and NC are given in Tables 1 and 2.

Table 1 Chemical
composition of cement and
nano CaCO3

Chemical
analysis

Cement (wt%) Nano calcium
carbonate (wt%)

SiO2 19.88 –

Al2O3 5.2 0.01

Fe2O3 3.1 0.03

MgO 0.85 0.46

CaCO3 – 95.6

CaO 62.7 –

K2O 0.42 –

SO3 2.30 –

Na2O 0.13 –

Table 2 Physical properties
of cement and nano CaCO3

Properties (%) Cement (wt%) Nano calcium
carbonate (wt%)

Particle size – 15–60 nm

Surface area (m2/g) – 25–40

Loss of ignition (%) 1.92 –

Bulk density (g/cm3) – 0.7

Insoluble residue
(%)

1.84 –
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Table 3 Mix proportions of
various concrete mixes
(kg/m3)

Designation Cement NC Sand Course
aggregate

Water

PC 420.0 – 580 1210 177

NC1 415.8 4.2 580 1210 177

NC2 411.6 8.4 580 1210 177

2.2 Mix Proportions

Tests were conducted on various concrete mixes with and without the addition of
NC. The work was separated into two parts. In the first part, a concrete mix with
the incorporation of 1% NC as a restricted replacement of cement was developed
and evaluated. In the second part, the concrete mix with 2% NC as a restricted
replacement of cement was developed and evaluated. Both the mixes were evaluated
in comparison with the nominal mix. Table 3 shows the mix proportions of various
concrete mixes. NC, cement, fine aggregate, and course aggregate were mixed dry
before adding water.

2.3 Method

All concrete mixes were prepared using a pan mixer. Three types of mixes, i.e., PC,
NC1, andNC2 as discussed abovewere prepared. Some of the strength and durability
properties were studied.

2.3.1 Compressive Strength

The cubes of 150 mm size were cast from all the concrete mixes and were tested for
the compressive strength at 7, 14, 28, and 90 days of curing with normal water. The
water-to-binder ratio for all the mixes was taken as 0.42. The compressive strength
test was conducted as per Indian standards.

2.3.2 Early Age Strength

The cubes of 150mm size for all mentioned concretemixes were prepared and tested.
The test was conducted to analyze the early age effect of NC on compressive strength
of concrete. The test was conducted for a curing period of 8, 12, and 24 h for all mix
proportions.
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2.3.3 Flowability

The flowability of the concrete mix was calculated as per flow table test. This test
method is proposed to find the flow rate of hydraulic cement mortars or other mortar
mixes containing cementitious materials. This test is required to evaluate a standard
water requirement of the mix for any particular flow rate.

2.3.4 Water Sorptivity

Water sorptivity or absorption can be explained as the amount of water that enters
the concrete surface due to capillary suction. The phenomenon is dependent upon
the volume of pores present in the concrete and the connectivity of pores within the
concrete surface. The term sorptivity can also be related to permeability of concrete.
One side of the concrete sample (50 mm from base) was immerged in water, while
all the other sides were sealed. The rate of water absorbed by the concrete specimen
can be evaluated by measuring the weight of the concrete sample before and after
water absorption.

3 Results and Discussion

3.1 Later-Age Compressive Strength

The results for compressive strength of various concrete mixes, i.e., PC, NC1, and
NC2 with NC 0%, NC 1%, and NC 2%, respectively, are described in Table 4. The
study shows a remarkable increase in concrete’s compressive strength by adding
NC particles as a replacement to cement. The best results were obtained by NC1
concrete sample, i.e., replacement of cement by 1% NC. The incorporation of 1%
NC has increased 28 days and 90 days compressive strength of about 60 and 55%
as compared to nominal concrete mix. Addition of 2% NC has slightly increased
the 28 days and 90 days compressive strength by about 13 and 5%, respectively.
The reason for this can be, as the NC particles being very small in size, acted as
filler in the concrete. These particles fill the excess pores in the concrete matrix,
releasing the water trapped in the pores. This free water is utilized to accelerate
hydration reaction of concrete, resulting in the formation of additional C–H–S gel.
Also, the surplus surface area created by NC particles acts as nucleation spots for
the formation of hydration products which increases the hydration reaction further
increasing the compressive strength of concrete. On adding 1% NC in concrete mix,
compressive strength increased due to the development of additional C–H–S gel,
however, increasing the quantity of NC to 2% the increased compressive strength
drops as excessive cementitious material has been replaced. Similarly, on addition of
1%NC the 28 days compressive strength increases by 62% [38]. As per another study
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Table 4 Compressive
strength and slump results of
various concrete samples

Designation Compressive strength (MPa)

7 days 14 days 28 days 90 days

PC 24.80 34.48 45.30 52.02

NC1 56.29 60.60 72.50 81.21

NC2 36.56 42.81 51.34 55.44

Table 5 Early-age
compressive strength results
of various concrete samples

Designation Early-age compressive strength (MPa)

8 h 12 h 24 h

PC 2.00 6.56 19.85

NC1 3.68 8.66 24.00

NC2 6.10 11.82 29.25

[39], the best result for 28 days compressive strength was obtained at 1% addition
of NC, further the compressive strength decreased with the increase in the content
of NC.

3.2 Early-Age Compressive Strength

The outcomes for the early-age compressive strength of various concrete proportions
are mentioned in Table 5. The early-age compressive strength of various concrete
mixtures improvedwith the rise in the quantity ofNC.An increase of 26 and 52%was
seen at 24 h of curing by concrete sampleNC1 andNC2 as compared to plain concrete
mix. The addition of NC particles acts as nucleation sites for the hydration products.
This chemical reaction gives birth to additional C–H–S gel. The NC particles which
are not able to participate in this chemical process act as fillers. Combined effect
of the presence of additional C–H–S gel and filler effect increases the compressive
strength of concrete in early age. As per another study, the early-age compressive
strength increased with the incorporation of NC [40].

3.3 Flowability

Addition of NC at both the percentage increases the flowability of the mix. The
incorporation of NC1 as well as NC2 increases the flowability to about 15–25% as
compared to conventional concrete. Nanoparticles being very small in size possess
a very high surface area. On addition of NC up to 15%, the flowability of the mix
increased till the addition of 5% and then decreased with higher percentage of NC
[40]. This property of nanoparticles increases the flowability of the mix as it provides
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a lubricating effect in cement particles. As on the other hand, NC also provides a
filler effect, excessive addition of NC may lead to decrease in the flowability as by
filling the pores of the concrete mix matrix it may increase the viscosity of the mix.

3.4 Water Sorptivity

The amount of water absorbed by concrete samples containing NC particles was
much less as compared to water absorbed by conventional concrete. The amount of
water absorbed by concrete sample NC1 at 28 days and 90 days was 15 and 25%,
respectively, less than conventional concrete. The quantity of water absorbed by
NC2 sample was 17 and 30% less as compared to conventional concrete at 28 and
90 days, respectively. This is due to the development of supplementary C–H–S gel by
the reaction of CH in concrete matrix with NC particles and also due to fineness and
high pozzolanic reactivity of NC particles. Further, the rate of absorption of water
also decreased with the escalation in curing time. This is due to increased formation
of supplementary C–H–S gel during long curing period, which fills the small holes
of concrete matrix reducing the porosity and capillaries.

4 Conclusion

As per the work done on the incorporation of nano CaCO3 in concrete, following
conclusions can be made:

• Replacing cement with 1% NC can increase the compressive strength of concrete
by 52% at 90 days. NC particles react with CH to form additional C–H–S gel
which further improves the compressive strength properties of concrete. Replacing
cement with 2% NC slightly increases the compressive strength of concrete as
excessive cementitious material is replaced.

• Replacing cement with 1–2% of NC upturns compressive strength of concrete in
early ages up to 52% as NC particles act as nucleation sites for hydration products
further hastening the hydration reaction which imparts an upgraded early age
compressive strength.

• Replacement of cement with 1–2% of NC increases the flowability of the concrete
mix up to 25%. Fine NC particles act as lubricants in between cement particles
increasing the flowability of concrete.

• The presence of NC particles up to 2% also reduces the water absorption capacity
of the concrete. The presence of additional C–H–S gel and filler effect of nanopar-
ticles plugs the pores and capillaries of the concrete.

High-strength concrete of 70 MPa (28 days) or 80 MPa (90 days) can be achieved
by the replacement of cement with 1% nano CaCO3, with strength gain of 52% in
relation to controlled mix.
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Relevance and Assessment of Fly
Ash-Based Sintered Aggregate
in the Design of Bricks, Blocks
and Concrete

Dhriti. R. Pal , J. P. Behera and B. D. Nayak

Abstract This paper presents the investigation carried out to evaluate the relevance
and assessment of bricks, blocks and concrete using sintered aggregate. The main
advantages regarding the use of lightweight aggregate concrete in construction are
primarily to reduce the self-weight structures besides attaining better thermal insu-
lation performance. Materials can thus be used for producing lightweight solid or
hollow concrete blocks as well as bricks for walling purpose. The granular sintered
fly ash is found to be best with use of powder fly ash while making bricks and blocks.
For making concrete, mixes have been prepared with 20, 30 and 40% replacement of
natural aggregate with sintered fly ash aggregate, keeping all in the aggregate grading
was unchanged. Concrete with sintered fly ash aggregates up to 40% replacement
by volume. The percentage increase of fly ash aggregate decreases the strength of
concrete but these are well above the target strength. Research is carried out to eval-
uate the aggregate samples for evaluations of specific gravity, water absorption, bulk
density, particle size, mechanical properties and soundness of aggregate as per rele-
vant Indian standards to assess its suitability in use of sintered aggregate in making
bricks and blocks, mixes for concrete with sintered aggregate. To reduce the drying
shrinkage in brick, we can use calcinated gypsum instead of cement. The presence
of lime in the absence of cement increases the drying shrinkage in brick.
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1 Introduction

Sintered fly ash lightweight aggregate is one of the different alternative building
materials that can be produced by utilising the waste material fly ash from thermal
power plants. The manufacture of this aggregate was started in the UK on 1957
and in the USA going ahead in 1963 [1–7]. In India, this product is commercially
manufactured and utilised. The awareness to utilise fly ash in bulk to meet the dis-
posal challenges faced by thermal power plants which otherwise may lead to an
environmental hazard, health hazard affecting the well-being of the habitants living
in close vicinity of thermal power plants. Up to 100% fly ash is used making of the
mixture and then formed the sintered aggregate synthetically. The chacterization of
physical, chemical and sintering properties of fly ash samples. Utilisation of ther-
mal power plant ash (fly ash and bottom ash) in the area of building construction,
cement, concrete, roads, embankments, wasteland development, mine filling, extrac-
tion of alumina and other metal values has been attempted in different parts of the
world. Many processes have been developed, and further R&D investigation is in
progress in the aspects for fruitful utilisation of thermal plant ash. Investigation on
direct utilisation of fly ash or in the form of artificial aggregate in manufacture of
building blocks, tiles blocks, concrete and other building materials has been made
by a number of concrete, and other building material components have been made
by a number of workers. The sintered aggregate is prepared by using the laboratory
set up of sintered machine from the fly ash samples of Indian thermal power plants
is evaluated to explore the possibilities for use in making building bricks, blocks,
concrete and other masonry materials.

2 Literature Review

It has been well established that the advantageous application of lightweight struc-
tures, structural application in seismic zones, structures built in arctic climates,
acoustic and thermal insulation structures and other severe environmental condi-
tions [1–3]. When the experiments on the production of ash containing fly ashes
containing lightweight aggregate of strengths were below 55 N-mm2 which is mea-
sured when sintered aggregate FAI ash aggregate was used it was observed after
28 days of curing [8]. The microstructures revelled the solid cementitious matrices
do not react with products, metakaolin and fly ash. Energy dispersive spectroscopy
and X-ray diffraction showed the formation of amorphous silicoaluminate reaction
products. The compressive and flexure strength reduces with the degradation of the
density concrete and curing at high temp then the strength increased with the lesser
densities. The source of the thermal conductivity was an existence of humidity, and
quartz standards were better than those accounted for lightweight concrete [9]. With
increase in binder content, the strength and specific gravity of all aggregate decreased
at high temperatures and also the water absorption is reduced both at low, medium
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and high temperatures. The aggregate with high strength and high specific gravity
and with low water absorption can be endorsed to the intense structure with irregular
and small pore structures.

3 Materials and Methods

The sintered aggregate pellet which is prepared from different ash samples is used
to manufacture bricks and blocks. Fly ash, sand cement, limes and calcined gypsum
as admixtures in different proportions are used for manufacturing of bricks and
blocks. The sintered aggregate of size 12.5 mm down and 20 mm down has been
mixed with the admixtures for casting of standard bricks and blocks in order to
evaluate the use of sintered aggregate as building materials, and the test procedures
were adopted according to various Indian standard codes. The specific gravity, water
absorption, bulk density and particle size analysis of sintered aggregate samples are
determined by as per IS: 2386—1963 (Part-1) [10]. The mortar making properties
of fine aggregate are determined as per IS: 2386—1963 (Part-V). The soundness of
sintered aggregate is assessed according to IS: 2386—1963 [4]. The impact value
and 10% fines value are according to the methods specified in IS: 5640—1970 [11],
and the properties of bricks such as compressive strength, water absorption and bulk
density are determined by according to IS: 4139—1989 [12]. The brick, blocks and
concrete were prepared by following methods and procedure.

3.1 “Bricks,” “Blocks” and “Concrete”

3.1.1 Bricks

The bricks were shaped in BRICK shaping machine and steam cured for 6 h at one
atmospheric pressure. When lime is used as a binder, the steam curing is done. And
using cement as binder conventional moist curing can be adopted. In summer season,
28-day moist curing gives an equivalent strength of 6 h of steam curing time which
is longer in winter months as the average atmospheric temperature drops down.

3.1.2 Blocks

The production of hollow or solid blocks, using sintered fly ash aggregate as course
and natural sand as fines, has been successfully tried using a commercially available
standard block making machine producing blocks of nominal size (20 cm × 20 cm
× 40 cm). The manual method of produced on a smooth concrete platform, with the
help of simple moulds and a surface vibrator. These blocks are instantly demoulded,
and mould is reused for next casting. A continuous production is possible with the
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help of 10–12 individual moulds. The nominal size of blocks is (15 cm × 20 cm
× 30 cm), however the dimensions of the can be different from this, if so desired.
The vibrocompaction moulding method was for casting condition and for curing
condition steam curing was done at normal pressure for 6 h have been adopted in all
cases to manufacture the bricks and blocks.

3.1.3 Concrete

The sintered aggregates prepared from fly ash 1 is being utilised in design of con-
crete mixes by % replacement of volume to natural granite aggregates. Design mixes
have been prepared for M20 and M25 grade of concrete according to Indian Stan-
dard Guide Lines (SP-23, 1982) [13]. Mixes have been prepared with 20, 30, 40%
replacement of natural aggregates by sintered aggregate, keeping all the aggregate in
grading unchanged. The strength of concrete with the above mixes along with their
values of Young’s modulus of elasticity confirms to the requirement of the Indian
standard values.

4 Properties and Results of Sintered Aggregate Pellet

Different properties of sintered aggregate prepared fly ash samples 1, 2 and 3, respec-
tively, are given in Table 1. Tables 2, 3 and 4 show the admixture percentage and
different properties of bricks made from aggregate pellets of fly ash 1, fly ash 2 and
fly ash 3. The listings of properties of blocks are shown in Table 5. The strength of
concrete (prepared from natural aggregate and sintered aggregate on replacement) is
shown in Table 6.

The moulding conditions were vibrocompaction, and curing conditions were
steam at normal pressure for 6 h for fly ash 1, 2 and 3. The determined results
of Tables 2, 3 and 4 show that the more percentage of sintered fly ash aggregate in
the absence of hydraulic lime gives the lesser results of drying shrinkage that is 0.22,
0.26 and 0.26%, respectively, among all the composition. Similarly, in the absence
of cement, the presence of fly ash, sand and lime gives the bulk density 1410, 1415
and 1445 kg/m3.

It is clearly shown that in Table 5 in the absence of cement, the compressive
strength of blocks is decreased. In the absence of hydrated lime, the compressive
strength increases, i.e. 112 and 102 kg/m3 in fly ash 1 and 2. On the other hand, the
flexural strength of the fly ash 1 and 2 also increased, i.e. 23 and 21.60 kg/m3.

Table 6 and Fig. 1 show the graphical representation of compressive strength of
concrete mixes at the age of 7 days and 28 days of curing period. The M25 grade of
concrete Mix 1 gives the highest compressive strength 24.30 and 35.40 N/mm2, and
the M20 grade of concrete mix 4 offers the lowest compressive strength 20.80 and
29.70 N/mm2 at the age of 7 and 28 days of curing period, respectively.
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Table 1 Properties of
sintered aggregate prepared
fly ash samples 1, 2 and 3

Properties Fly ash 1 Fly ash 2 Fly ash 3

Bulk density (kg/m3) 740 835 675

Specific gravity
(apparent)

1.61 1.67 1.48

Specific gravity (true) 1.71 1.77 1.57

Water absorption (%) 18 12 14

Impact value (%) 30 29 34

10% fines value (tonne) 9.3 10 8.1

Soundness (% loss) 2.92 3.6 3

Particles + 20 mm (% by
wt.)

4.2 7.8 4.75

Particle −4.75 mm (% by
wt.)

5 1.35 2.45

For Tables 2, 3 and 4
SFAA Sintered fly ash aggregate; CS Compressive strength; CG
Calcined gypsum; BD Bulk density; EF Efflorescence;DS Drying
shrinkage; WA Water absorption; FA Fly ash; C Cement; L Lime
(Hydrated); S Sand
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Fig. 1 Compressive strength versus concrete mix
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Table 5 Properties of blocks

Mark SAFF
(4.5 – 20 mm)

SFAA
(−4.5 mm)

S C L FS (kg/m3) CS (kg/m3)

Fly ash 1

1 50 20 20 – 10 18.90 75

2 50 20 20 10 – 23.00 112

3 50 20 20 5 5 20.13 90

Fly ash 2

1 50 20 20 – 10 18.80 74

2 50 20 20 10 – 21.60 102

3 50 20 20 5 5 19.60 80

S Sand; SFFA Sintered fly ash aggregate; C Cement; L Hydrated lime; CS Compressive strength;
FS Flexural strength

Table 6 Strength and
Young’s modulus of elasticity
of concrete mixes (with
natural aggregate and sintered
aggregates on replacement)

Grades of
concrete

Mix Seven-day
compressive
strength
in N/mm2

Twenty-eight-
day
compressive
strength in
N/mm2

M20 Mix 1 21.55 30.44

Mix 2 21.03 30.07

Mix 3 21.11 29.85

Mix 4 20.80 29.70

M25 Mix 1 24.30 35.40

Mix 2 24.15 35.18

Mix 3 24.08 35.18

Mix 4 23.93 35.03

Mix 1: Concrete with natural aggregates
Mix 2: Concrete with 80% natural granite aggregates and 20%
sintered fly ash aggregates
Mix 3: Concrete with 70% natural granite aggregates and 30%
sintered fly ash aggregates
Mix 4: Concrete with 60% natural granite aggregates and 40%
sintered fly ash aggregate
Mix design stipulations: Themaximumsize of aggregate—20mm;
The degree of quality control—good; Compaction factor—0.95;
Type of exposure—moderate
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Table 7 Strength and Young’s modulus of elasticity of concrete mixes (with natural aggregate and
sintered aggregate)

Grades of concrete Mix Twenty-eight-day
compressive
strength in N/mm2

Theoretical
Young’s modulus
of elasticity, IS:
456—2000 N/mm2

Calculated
Young’s modulus
of elasticity
N/mm2

M20 Mix 1 30.44 27,586 29,600

Mix 2 30.07 27,418 29.550

Mix 3 29.85 27,317 28,800

Mix 4 29.70 27,248 28,680

M25 Mix 1 35.40 29,748 32,520

Mix 2 35.18 29,656 31,640

Mix 3 35.18 29,656 31,445

Mix 4 35.03 29,593 31,200

Table 7 shows the compressive strength of blocks after 28 days of curing, the-
oretical Young’s modulus of elasticity, as per IS: 456—2000 N/mm2. Comparing
theoretical Young’s modulus with actual Young’s modulus, the M25 grade of con-
crete mix 1 gives the highest values that are 29,748 N/mm2 and 32,520 N/mm2,
while the M20 grade of concrete mix 4 gives the lowest value 27,248 N/mm2 and
28,680 N/mm2. The theoretical Young’s modulus was calculated by using formula 1
with multiplying the value of compressive strength of each concrete blocks. Formula
for theoretical Young’s modulus of elasticity, as per IS: 456—2000 N/mm2, is given
as, [8]. The theoretical values are less than the actual values of Young’s modulus.
The M25 design concrete mixes have the highest value while comparing with the
M20 design concrete mixes.
Where

Ec = 5000
√

σck

EC short-term modulus of elasticity of concrete in N/mm2,
ck 28-day characteristics strength of concrete in N/mm2,
ck 28-day characteristics strength of concrete in N/mm2.
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5 Conclusion

1. It has been observed that the aggregate produced from fly ash 1, fly ash 2 and fly
ash 3 samples pass all the requirements of properties except for water absorption
as per IS standard.

2. Brickswhichmade from the cement, cement–lime or lime–gypsum binder aggre-
gates give the adequate strength.

3. The strength brick is adequate to produce by substitution of the sintered aggregate
pellet is up to 50 and 10% of cement, cement–lime or lime–gypsum.

4. Sintered aggregate pellets of below 20 mm size are suitable for the manufacture
of normal size (20 × 20 × 40 mm) blocks.

5. The compressive strength of blocks (fly ash 1 and fly ash 3) is from 75 to
112 kg/cm2 produced by 70% of sintered aggregate, 20% of sand and 10% of
the binder of cement, cement–lime and lime–gypsum.

6. The sintered aggregate of various size fractions (0–20 mm) will be supple to use
in replacement of natural stones, gravels and sands in making bricks, blocks and
concretes.

7. The granular sintered fly ash is found to be best with the use of powder fly ash
while making bricks and blocks.

8. Concrete with sintered fly ash aggregates up to 40% replacement by volume to
natural aggregates maintains their characteristics parameter.

9. The M25 grade of concrete mix 1 gives the highest compressive strength 24.30
and 35.40 N/mm2, and the M20 grade of concrete mix 4 offers the lowest com-
pressive strength 20.80 and 29.70 N/mm2 at the age of 7 and 28 days of curing
period, respectively.
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Influence of Microstructure
of Geopolymer Concrete on Its
Mechanical Properties—A Review

Amer Hassan, Mohammed Arif and M. Shariq

Abstract Geopolymer concrete (GPC) has been researched during the past few
decades as a viable sustainable constructionmaterial, which canminimise CO2 emis-
sion for its use of industrial by-products. Past research onGPC shows thatGPC is best
suited for structural application with workable slump and strength as compared to
ordinary Portland cement concrete (OPCC). The microstructure of GPC and OPCC
has been investigated to understand its influence on engineering properties. It has
been observed that GPC contained more amorphous phases, less porosity and more
pores in the mesopores range than OPCC. Review of the literature revealed that the
production of geopolymer concrete requires great care and correct material compo-
sitions. During the activation process in making the geopolymer, high alkalinity also
requires safety risk and enhanced energy consumption and generation of greenhouse
gases. Furthermore, the production of GPC is also affected by the curing time and
curing temperature. Few studies have also been carried out to observe the effect of
curing temperature on the polymerisation reaction of GPC.

Keywords Geopolymer concrete · Geopolymer microstructure · Durability ·
Shrinkage

1 Introduction

The microstructure of geopolymers varies with the type of precursors used. An
aluminium-replaced C-A-S-H, with cross-linked and non-cross-linked tobermorite-
based structures is the fundamental reaction result of slag-based geopolymer [1],
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Fig. 1 Illustration of constraints in CSTM [1]

unlike the basic hydration result of OPC which is C-S-H gels with non-cross-linked
structures [2]. The cross-linked structures of geopolymer result from the geopoly-
merisation. Myers et al. [1] proposed the model of cross-linked substituted tober-
morite (CSTM) for C-A-S-H gel, which described the solid phases in geopolymer
as a mixture of 14, 11 and 9 Å tobermorite structures as shown in Fig. 1.

In fly ash-based geopolymer, the primary reaction product is an alkaline sili-
coaluminate gel containing silicon and aluminium tetrahedral randomly distributed
and cross-linked. When NaOH is used as activator to this type of geopolymer, the
produced gel is identified asN-A-S-H gel. Furthermore, experiments done byGarcia-
Lodeiro et al. [3] showed that in the presence of Ca, N-A-S-H would transform to
C-A-S-H at high pH until available Ca is exhausted. Criado et al. [4] and Criado [5]
studied the microstructure of N-A-S-H gel and proposed that it was an amorphous
gel involving in a polymeric, cross-linked aluminosilicate network similar to C-A-
S-H gel. The gel of N-A-S-H comprised two bonds types of Si-O, which were the
terminal and bridge bonds. They found that the nature of this gel was influenced by
the activator and curing method. When there was more soluble silica in the system,
more bridge bonds were formed. Moreover, when it was under thermal curing, the
structure became more arranged with a predominance of bridge bonds over terminal
bonds and hence more stable.

2 Differences in Microstructure Between GPC and OPCC

Because of the cross-linked feature mentioned above, hardened GPC has a denser
microstructure than hardened OPCC. The C-A-S-H matrix chains in geopolymer
system were found longer than the C-S-H gel chains in OPCC system, due to the
substitution of Al3+ for Si4+ in bridging positions. C-A-S-H gels had higher Al/Si
ratio and lower Ca/Si ratio than C-S-H. It was found that Young’s modulus was 77.3
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Fig. 2 Ternary plot of binder gel compositions of geopolymer [7]

and 49.9 GPa, for typical tobermorite 1.1 nm and tobermorite 1.4 nm, respectively
[6]. This would be because of the higher interlayer cohesion presented by the linking
between bridging tetrahedral of conservative layers [6].

Figure 2 portrays a ternary plot of gel composition of GPC and OPCC. The
comparison of the gel compositions of GPC and OPC systems reveals that the C-S-H
produced in OPCC has more Ca and less Al content than the C-A-S-H produced in
slag-based GPC. When fly ash is presented in the system of geopolymer, N-(C)-A-
S-H can be identified with low Ca content, but pure N-A-S-H is only stable at pH
lower than 12 [3, 7].

Microstructure analysis of pore characteristic with the techniques such as (MIP)
and gas adsorption revealed that the pore size distribution of slag-based geopolymer
concrete showed more mesopores (pore size <50 nm) and also lower porosity than
those of OPCC. A comparison of pore size distribution of slag-based geopolymer
paste (GPP) and OPC paste (OPCP) is shown in Fig. 3. Most of the pores in OPCP
were distributed in the range between 10 and 100 nm, while most of the pores in GPP
were below 20 nm [8–12]. It was also found that when SCM, such as slag and silica
fume, was used in OPCC, the pozzolanic reaction forms a denser microstructure
which results in high strength and low permeability [13, 14]. Studies focusing on
porosity can help in understanding the behaviour and properties of GPC and OPCC,
as it encompasses the density of the microstructure, the presence of microcracks, the
rate of diffusion of pore solution, etc. [15].
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Fig. 3 Pore size distribution of GPC and OPC [11]

2.1 Relationship Between Microstructure and Properties
of Concrete

It is believed that the microstructure has an influence on the characteristics and
behaviours of the materials. The gels are the main strength giving component in
geopolymer and OPC products. It was found that the pore structure has a certain
effect on a range of properties for OPCC, such as strength and permeability. As pores
are formed within the microstructure of C-S-H, size, shape, bonding and packing
arrangement of the C-S-H would affect the pore microstructure. Prediction models,
which include microstructure, or even nanostructure, can improve prediction of the
properties of hydrated OPCC, which include strength, shrinkage, creep, permeability
and diffusion [16, 17].

Compressive strength

The pore structure of concrete has an important effect on the strength of hardened
paste and thus on concrete. Generally, strength decreases as total porosity increases.
The relationships between porosity and strength of OPCP were summarised by
Rößler and Odler [18] as follows:

Balshin’s equation:

fc = fc0(1− φ)n (1)

Ryshkevitch and Duckworth’s equation:

fc = fc0e
−kγ φ (2)
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Schiller’s equation:

fc = kS ln (φ0S/φ) (3)

Hasselman’s equation:

fc = fc0 − kHφ (4)

where fc is the compressive strength (CS) at porosity φ, fc0 is the CS at 0 porosity,
φ0S is the porosity at 0 strength, and n, kr , kS and kH are the experimental constants.

Equations (1)–(4) predict the strength–porosity relationship in slag-based GPM
and found that it followed different trend to OPCM due to the different nature of
their pore structures. These equations yielded less accurate results for GPM as they
were derived for OPCM primarily. However, he suggested that Eq. (4) was the most
accurate to predict the strength–porosity relationship in both GPM and OPCM. The
strength–porosity relationship in GPM and OPCM is shown in Fig. 4.

The compressive strength of slag-basedGPMwas found to be higher with increas-
ing modulus and solution concentration. However, the flexural tensile strength of
slag-based GPM did not show any improvement, that may attribute to the develop-
ment of microcracks on the slag-based GPM gel. Baradan [20] assessed two types
of heat treatment and found that autoclaving would be more efficient than steam
curing in strength development and shrinkage reduction in slag-based GPM. This
would be due to the development of a finer pore size distribution, lower Ca/Si pro-
portion of C-S-H and compact structure of the product. However, autoclaving caused
reduction in strength for OPCM. Under the condition of elevated temperature and
pressure, the chemistry of hydration had been significantly changed. C-S-H form
was transformed into a crystalline structure, α-calcium silicate hydrate (α-C-S-H),
which caused porosity to increase.

Jambunathan et al. [21] suggested that the slow conversion of the hydration prod-
ucts (CAH10, C2AH8 and C4AH13) to a more stable structure (C3AH6) at room

Fig. 4 Strength–porosity
relationship in GPM and
OPCM (PC denotes OPC,
NS, NC and NH denote
geopolymer with different
activators) [19]
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temperature had an effect on the loss of compressive strength in slag-based GPP.
Since the latter structure has a greater density than the former structure, the conver-
sion resulted in an increase in porosity and thus deterioration in strength.

Collinsand and Sanjayan [22] summarised the effect of curing on strength of slag-
based GPC from a range of studies. The curing method mainly influenced the pore
structure, and it can result in microcracks. For the GPC under exposed curing, a net-
work of microcracks was indicated. These microcracks in the specimen increased the
total porosity. The longer exposed specimens containing more microcracks showed
a reduction in strength. Furthermore, the strength loss was larger in the smaller GPC-
exposed specimen. The pore distribution showed coarser pore size towards the outer
surface in the large specimen (150 mm dia.), so the higher loss in strength in the
small specimen was due to larger portion of coarser pore size.

Brough and Atkinson [23] investigated the development of the paste/aggregate
interfacial transition zone (ITZ) in slag-based GPM. The generated zone in the paste
was filled up as hydration process showing an improved microstructure at ages after
14 days. Therefore, the slag-based GPM hadmuch lower interfacial porosity than the
OPCM, and the strength of slag-based GPM was higher than that of OPCM. Similar
result was reported by San Nicolas and Provis [24].

Permeability and durability

Gas and water permeability are of interest in studying the durability of concrete,
since they are related to the mass transport within concrete. There are two types of
pore in the porous materials: open and closed. Open pores refer to pores with various
size connected to each other and have an end open at the surface of the materials,
but closed pores do not. Some porosimetry analysis methods, such as MIP and gas
adsorption, can only be used in access to the open pores. Although there is such
limitation, the analysis on these connected open pores is critical to the study of the
permeability and diffusivity of concrete [15].

Durability of slag-based GPC has been studied in the past few decades, covering
topics on sulphate attack, acid attack, chloride resistance, carbonation, corrosion
resistance of reinforcement, elevated temperature andfire resistance, and freezing and
thawing resistance. Immersing slag-based GPC in sulphate solution, acetic acid and
seawater showed little negative effect onGPC, andGPCexhibited better performance
than OPCC [25–29]. Thus, the degradation of strength of GPC was lower, and the
resistance to corrosion of steel reinforcement was higher for GPC [30, 31]. Bakharev
[32] andByfors et al. [25] reported that carbonation resistance of slag-basedGPCwas
lower than that of OPCC. However, this would be attributed to the relative humidity
(RH) where the specimens were exposed. High RH in the saturated slag-based GPC
would retard the carbonation in the early stage, and the carbonation is faster when
slag-based GPC when drying occurs and proceeds from the surface [33]. The ASR
in GPC was not well-known. Bakharev [34] found that GPC expanded more than
OPCC under ASR, but Fernández-Jiménez [35] found the opposite way.

At a high temperature above 300 °C, OPCC chemically dehydrates while GPC
remains chemically stable up to 800 °C. This makes geopolymer a potential option in
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fireproofing for construction purposes. However, spalling was reported in some GPC
under elevated temperature, and this was related to the size of the specimens and
the size of aggregates [36–39]. On the other hand, GPC has excellence freeze–thaw
durability but it is affected by the air entrainment in the concrete [25, 26, 40].

The rate of most of the above degradation processes is controlled by the rate of
diffusion of the species of the penetrating chemical and the viscosity of the solution in
the pores. Over the years, studies have been carried on investigating the relationship
between pore characteristic and the permeability. Powers, Mann and Copeland [41]
reported the relationship between the pore structure and the permeability of OPCP.
Only the evaporable free water moved in the pore network. The viscosity of the fluid,
as stated in Darcy’s law, also influences the flow of fluid through the specimen. The
viscosity of the pore solution is higher than water due to the presence of alkali, and
it varied with the concentration and temperature. The more the alkali exists in the
pore solution, the higher the viscosity it is. They also pointed out that the creep of
concrete was a result of redistribution of evaporable water in the concrete member
under change of stress.

Pore characteristic of concrete can be obtained through a number of methods. The
most common methods are MIP and gas adsorption test. Damage would be induced
to the sample duringMIP. Experiment onOPC samples showed a higher connectivity,
lower pores and greater average pore size after intrusion [42]. The analysis can also
be done using image analysis method, but the range of pore sizes is limited by the
resolution of the image conductedMIP on concrete broken chunks from the centre of
specimen crushed with a hammer [43, 44]. The permeability was estimated through
the porosity and the mean pore size by using model by Kondraivendhan et al. [44]
and Pradhan et al. [45]. Their model predicted the hydraulic diffusivity from pore
size distribution.

Nitrogen adsorption test has been used to examine the pore characteristic of OPCP
at pore size around 1–40 nm [46]. Unlike MIP, gas adsorption test is more gentle to
the sample when assessing the small pore sizes [15]. Therefore, gas adsorption test
can be a better method to investigate the gel pores. However, the effectiveness of
this method relies on the pretreatment method. It was pointed out that oven drying at
105 °C would increase the chance of pore collapsing and results in less surface area
in measurement [46]. Solvent exchange with organic liquid is also an alternative in
removing water from the pore structure by counter-diffusion process, but this process
is slow and takes a long period [47]. It was found that the lower the porosity and
the finer the pore structure, the lower the permeability. The rate of the degradation
processes can be lower [8, 19]. The permeability can be determined based on Darcy’s
law:

Q = k Aη × �PL (5)

where Q (m3/s) is the flow, κ (m2) is the permeability of the medium, A (m2) is the
cross-sectional area of the pore, η (Pa·s) is the viscosity of the fluid and �P (Pa) is
the pressure drop over the length L (m).
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Besides Darcy’s law, Hagen–Poiseuille law, as known as Poiseuille law, can also
be used to analyse the flow through porous medium. It assumes that the Newtonian
fluid flows through a cylindrical pipe of constant cross section. TheHagen–Poiseuille
law is presented as the following equation:

Q = πr4�P8ηL (6)

where r (m) is radius of the cylindrical pipe. Hagen–Poiseuille law was used in
prediction of permeability of harden OPCP. However, the pores inside harden OPCP
were not constant, but distributed in a wide range. Pan et al. [39] developed a model
to investigate the relationship between pore size distribution and the permeability
based on Hagen–Poiseuille law. In order to account the influence of pore size, he
divided the pore size distribution into segments of log r = 0.05:

Q = r2�Pφ

32r2ηh
(7)

where r is expressed in Å, τ is the tortuosity factor and h (m) is the thickness of the
specimen. With the assumptions of the pores within each interval forming a discrete
package and no flow in pores size of less than 7.5 nm, the total flow was calculated
as sum of flow in each interval.

Holly [48] proposed amodel of two-dimensional network of tubeswhich took pore
size distributions in account for permeability of OPCP based on Hagen–Poiseuille
law. The network was of a square lattice arrangement.

�P =
I∑

i=1

8ηbQi

πr2i
(8)

where b is the proportionality constant of length to radius of the tube, Qi (m3/s) is
the flow corresponded to pore sizes of ri (m). They pointed out the importance of
pore size distribution in estimation of permeability, as it cannot be defined in terms
of an average pore size and porosity. Different results were given by bimodal and
unimodal log-normal distribution of pore size since flow through capillary pores was
favoured.

Shrinkage

The pore structure and the diffusivity also play an important role in shrinkage of
concrete. There are two major parts of shrinkage in concrete: autogenous shrinkage
and dry shrinkage. Autogenous shrinkage occurs due to a capillary shrinkage related
to water consumption through hydration, and drying shrinkage occurs as a reduction
in volume due to loss of water from the pores to the external environment by the
gradient of humidity [49, 50]. The size of the pores influenced the diffusion process
because the resistance was larger for smaller pores. Thus, it takes longer time for
the drying process [51]. Some researchers reported that the drying shrinkage of
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slag-based GPC was higher than that of OPCC [11, 52]. However, the water loss in
OPCC measured was higher than that in GPC after drying. They related this to the
difference of pore size distribution between OPCP andGPP in concrete. Geopolymer
paste (GPP) has a smaller pore size than OPCP and higher rate of pore size within
the mesopore (1.25–25 nm) limits than OPCP. GPP was found to have the larger
capillary tensile forces set up at the meniscus, resulting in higher shrinkage [53].

Drying generally induced microcracking in concrete and reduced both compres-
sive and tensile strengths, but tensile creep reduced the risk of cracking in terms of
stress relaxation [52]. Benboudjema [54] suggested that the effect of creep, effect of
aggregate restraint, concrete mix and capillary pressure should be taken into account
for more accurate prediction of microcracking and of the residual mechanical prop-
erties after drying.

Thew/c ratio, paste volume, size effect andRHalso influence the drying shrinkage
of concrete. The shrinkage strain is directly proportional to the paste volume in
concrete. Although the sample size does not have an effect on the ultimate drying
shrinkage strain, it influences the strain rate. The drying shrinkage is approximately
inversely proportional to the RH in the range from 48 to 100% [55].

3 Conclusion

To develop an advanced knowledge and better understanding of the process of GPC
geopolymerisation, the microstructure and chemistry of GPC must be carefully
understood and investigated. A better understanding will facilitate to get into the
interactions between the microstructure of GPC on the one side and the alkaline
activating solutions on the other side, which will offer significant insight into the
mechanical properties of GPC with respect to the differences in microstructure of
geopolymers used. This information will help very well in the analysis and design
of geopolymer concrete.
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Effect of Placement of Waste Tyre Fibres
on Unconfined Compressive Strength
of Clayey Soil

Mohit Mistry , P. Venkateshwarlu, Shruti Shukla, Chandresh Solanki
and Sanjay Kumar Shukla

Abstract This paper presents the laboratory investigation on compaction and uncon-
fined compression behaviours of clayey soil reinforced with waste tyre fibres. In the
present study, waste tyre fibres (WTF) were mixed with the soil at optimum mixing
moisture content (OMMC). The fibre-reinforced soil (FRS) was then compacted at
a maximum dry density (MDD) into a cylindrical mould in alternate layers of virgin
and fibre-reinforced clayey soils. It was found that if the top and bottom layers are
kept as virgin soil, then the specimen achieves a better strength as compared to other
combinations. The strength of fibre-reinforced soil (FRS) was found to be two times
higher than the virgin soil. This study demonstrates that the placement of fibres in
alternate layers is useful in increasing the strength properties of soil.

Keywords Discrete fibre-reinforced clay ·Waste tyre fibre · Fibre distribution ·
Unconfined compressive strength

1 Introduction

The scrap tyre are the undesired waste, especially in urban areas. The disposal of
scrap tyres has become a serious problem for the governments. The stockpiling a
large mass of scrap tyre is also undesirable because of the potential fire hazard and
environmental damage. One of the possible utilizations of waste tyre is using it as soil
improvement material. In conventional reinforcement practice, the soil mass is rein-
forced with metal strips, steel bars, geosynthetics, etc., by placing them in predefined
direction and in systematic pattern. Soil reinforcement with discrete fibre reinforce-
ment has become very popular in the last few decades [1].Within the fibre-reinforced
soil, depending upon the adopted mixing technique and placement procedure, the
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embedment of discrete fibres becomes random and three dimensional. In the present
study, waste tyre fibres were mixed with the clay of Surat region and the strength
behaviour of reinforced clay was studied in the laboratory. The effect of placement
of fibres in layers within soil on its stress–strain behaviour was studied. In practice,
reinforcing the soil with discrete fibres has not yet been utilized worldwide because
of some difficulties that occur on construction site as well as the unavailability of
codal provisions for the use of fibres in the soil. The engineering behaviour of FRS
is materially controlled by the fibre concentration and distribution or placement. In
most of the small-scale laboratory investigations [2–5], the fibre distribution was
uniform throughout a small specimen. However, in the field, achieving a uniform
distribution of fibres is a difficult task which is highly dependent on the method of
mixing. Kumar and Gupta [3] have investigated the strength parameters and load-
carrying capacity of the soil treated with polypropylene fibres. It was found that
load-carrying capacity of the pavement soil enhances with an increase in the number
of layers in subsoil strata.

2 Experiments

2.1 Soil Properties

The soil used in this study consists of 10% sand, 58% silt and 32% clay. All the basic
properties of the soil are determined as per the relevant Indian Standards. Table 1
shows the various engineering properties of the soil.

Table 1 Properties of Soil Soil properties Values

Specific gravity (G) 2.64

Consistency limits

Liquid limit (LL) 64%

Plastic limit (PL) 30%

Plasticity index (PI) 34%

Shrinkage limit (SL) 10%

Grain size analysis

Sand 10%

Silt 58%

Clay 32%

Differential free swell index 72%

IS classification CH
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Table 2 Properties of fibres

Fibre properties Values

Specific gravity 1.15

Fibre type Single fibre

Water absorption capacity 3%

Length (L) 18.92 mm

Diameter (D) 4.36 mm

Thickness (B) 1 mm

Aspect ratio (L/D) 4.34

Fig. 1 Waste tyre fibre

2.2 Fibre Properties

The waste tyre fibres (WTFs) were used as the reinforcement material in this study.
The fibres were pure rubber with no metal content inside. According to the ASTM
D6270-08, fibres were falling into the category of tyre chips. In order to define the
aspect ratio (length-to-diameter ratio) of fibres, they were separated through con-
ventional sieve analysis by passing through 4.75-mm-IS sieve. Then the percentage
of retained fibres on 4.75-mm-IS sieve by their weight was calculated. The aspect
ratio followed by the mean particle diameter and length is presented in Table 2. In
the present study, the specific gravity of the fibres is found to be 1.15 and the water
absorption capacity is 3%. Figure 1 shows the waste tyre fibres used for the study.
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Fig. 2 Combination of different layers with top and bottom layers as the virgin soil

2.3 Specimen Preparation

To prepare the samples for tests, fibres were added into the soil in pre-moisture
condition; i.e. fibres were added to the dry soil and then required amount of water is
added to the mass. The optimum fibre content was determined from the compaction
test. Fibre contents of 0.25, 0.5, 0.75 and 1.00% were added to the dry weight of soil
mass for compaction test. The fibre content f c is defined as

fc = Wf/Wc × 100 (%) (1)

whereW f is the dry weight of fibres andW c is the dry weight of clayey soil. For the
unconfined compression tests, specimens were prepared in different combinations
of layers where each layer is compacted at its MDD (maximum dry density) with
OMMC (optimum mixing moisture content) obtained from compaction tests. The
combination of different layers with top and bottom layers as virgin soil is illustrated
in Fig. 2.

The combination of different layers with top and bottom layers as FRS soil is
illustrated in Fig. 3. In Figs. 2 and 3, virgin soil is represented as “V” and fibre-
reinforced clay is represented as “FRS” and H is the height of UCS mould, 100 mm.
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Fig. 3 Combination of different layers with top and bottom layers as the virgin soil

3 Experimental Testing

The standard Proctor compaction tests were performed as per IS 2720-07 on oven-
dried soil sample with different fibre content. The optimum fibre content was deter-
mined from the MDD and OMMC obtained from trials of compaction test. The
compaction mould of 127.30 mm height and 100 mm diameter was used by consid-
ering 1000 cm3 volume capacity. The soil samples were compacted with 25 numbers
of evenly distributed blows using 2.6 kg rammer with the free fall of 310 mm in three
equal layers.

In order to examine the effect of placement of alternate FRS layers on compres-
sive strength, the unconfined compression tests were conducted as per IS 2720-10.
All the alternate layers were compacted on OMMC and MDD achieved from the
standard compaction tests. The strength values of virgin soil and fibre-reinforced
clayey soil were compared with the six different combinations of fibre inclusion
layers. The alternate layers of virgin soil and fibre-reinforced soils in 3, 5 and
7 layers with different combinations are as follows: VFV (Virgin-FRS-Virgin),
FVF (FRS-Virgin-FRS), VFVFVF (Virgin-FRS-Virgin-FRS-Virgin), FVFVF (FRS-
Virgin-FRS-Virgin-FRS), VFVFVFV (Virgin-FRS-Virgin-FRS-Virgin-FRS-Virgin)
and FVFVFVF (FRS-Virgin-FRS-Virgin-FRS-Virgin-FRS) in order to check the
efficiency of FRS.
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4 Results and Discussions

4.1 Standard Compaction Test

Figure 4 shows the variation in optimum mixing moisture content with percentage
variation of WTFs. It is observed that OMMC enhances with an increase in fibre
amount. A similar observation was observed by researchers [4–6] with the use of
tyre fibres in the clayey soils. In the present study, moisture content increased with
an increment in fibre content, and this is probably because the rough surface of tyre
fibres tends to hold more water in surface gaps and the large size of fibres (>clay
particles) changes the gradation of the soil–fibre matrix with an increase in the void
ratio, thus leading to an increased OMMC [4].

In the present study, initially the OMMC increases with fibre inclusion in the soil
mass, but the further increment in fibre content leads to the reduction in OMMC. The
OMMC of reinforced soil varies from 23 to 29%. It is also observed that the MDD
decreases with an increase in fibre content. The reduction in MDD is mainly due to
the low specific gravity of the fibres. The size of the fibre also plays an important role
in reduction of MDD. The tyre fibres are larger in size which has more reinforcing
effect and which provides sufficient resistance to the particles to slipover each other
and it will not allow particles to come closer until the fibre get stretched. Therefore,
an increase in fibre content will also reduce the MDD. In the present study, the MDD
of reinforced soil varies from 13.5 to 15%.

4.2 Unconfined Compressive Strength (UCS) Test

Figure 5 presents the variation in deformationwith a change in fibre content. TheUCS
value of FRS depends on dry density,moisture content and fibre content. All the fibre-
reinforced soil specimens prepared at their representativeMDD andOMMC show an
increase in UCS value with an increase in f c up to 0.75%, then it shows a reduction

Fig. 4 Change in OMMC
and MDD with an increase in
fibre content
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Fig. 5 Axial stress versus axial strain in unconfined compression tests

in UCS value for f c of 1%. The decrease in strength might be due to increased
flexibility of soil–fibre matrix and reduction in stiffness of clay. The maximum UCS
value achieved at f c of 0.75%, therefore, all the specimens for different combinations
of alternate layers were prepared with 0.75% fibre content. The nonlinear increase
in gain of axial stress with axial strain is observed in all the curves, which might be
influenced by the heterogeneity of the soil–fibre matrix, which has number of weak
planes across the stress path which leads to the different pick axial stress at different
axial strain.

The addition of fibres has negligible effects on the initial stress–strain behaviour. It
shows similar response at very low strains, but fibres in soil create the bridging effect
in soil matrix which holds particles together and absorbs more energy at higher stress
and hence exhibits less deformation. The inclusion of fibres restricts the propagation
of the cracks and the bridging effect of the fibre effectively delays the development
of the failure planes.

Figure 6 shows the variation in the UCS value of soil reinforced with alternate
layers. Each layer is compacted at its maximum dry density. It is observed that
strength value increases by two times in comparison with the strength of virgin soil.
It is noted that with an increase in alternate fibre reinforcement layers, the strength
increases up to a certain number of layers, and then the decrease in strength is
observed. It is also observed that if FRS layers are sandwiched between the virgin
soils then it gives better strength compared to the reverse combination of alternate
layers (Table 3).

It is probably because, when the top and bottom layers are of FRS, the contact
area of specimen becomes more flexible which leads to a decrease in strength and the
gripping capacity is less due to fibres protruding out of the system. It also reduces the
load-carrying capacity with virgin soil at top and bottom, the gripping capacity of the
system enhances, FRS layers can be easily compacted to their maximum density as
with applied force, elastic fibres compress and allow higher load-carrying capacity,
thus higher the UCS values.
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Table 3 Peak values of UCS with an increase in the number of alternate layers of FRS and virgin
soil

FRS layers in between virgin soil Virgin soil in between FRS soil

Number of layers Unconfined compressive
strength qu (kPa)

Number of layers Unconfined compressive
strength qu (kPa)

3 213.038 3 186.411

5 264.702 5 192.69

7 219.409 7 162.698

Fig. 6 Unconfined
compressive strength of
layered soil

Fig. 7 Change in
unconfined compressive
strength of FRS with number
of placement layers
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It is clearly seen in Fig. 7 that the UCS value increases only up to five alternate
layers after that decrease in strength is observed with an increase in alternate layers.
It is probably because when the number of layers increases after certain numbers, it
will start behaving like more or less virgin soil or entire specimen reinforced with
fibres. In both cases, strength is observed lower as compared to alternate stratified
soil layers.

5 Conclusions

The effects of fibre reinforcement in alternate layers on clayey soil were studied
by conducting a series of unconfined compressive strength tests. The optimum fibre
content was determined based on the compaction test results. The following points
can be concluded from the results and discussion presented earlier:

• If the top and bottom layers in the specimen are kept as virgin soil and FRS layers
are sandwiched between them, the soil–fibre matrix achieves a higher strength as
compared to other combinations where the top and bottom layers in the specimen
are kept as FRS and virgin soils are sandwiched between them.

• If the fibre placement layers are increased, after a certain number of layers,
the strength starts decreasing in both the type of combinations. The use of fibres
in clay soil improves the strength by almost two times the virgin soil.

In construction practice, many times a very thick layer of expansive soil is found
near the ground surface. In such cases, this study can be helpful as a partial replace-
ment of clay layer as reinforced clay soil.
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Numerical Investigation of Uplift
Behaviour of Bell-Shaped Anchor in c-φ
Soil

Arya Das and Ashis Kumar Bera

Abstract This paper depicts a detailed numerical study on bell-shaped anchor
inserted in soil (c-φ soil) carried out using the finite element (FE) software
‘ABAQUS’. Bell-shaped anchors with varying bell diameters (0.125–0.3125m) have
been analysed to investigate the influence of its different governing parameters such
as H/D ratio (depth of embedment/bell diameter of anchor), bell diameter (D) on
the uplift capacity of the anchor inserted in soil. A 2D axisymmetric model has been
considered for the analysis, where the anchor has been considered as linear elastic
material and soil mass as elasto-plastic material. Data obtained from the laboratory
experiments performed onCL types of soil have been used in the analysis. Results of
the analysis indicate that the ultimate uplift capacity (UUC) of bell-shaped anchor
increases proportionately with the bell diameter and also with an increase in theH/D
ratio of the anchor. It has also been observed that beyond H/D values of 4, there is a
reduction in the rate of increase in ultimate uplift capacity (UUC).

Keywords Bell-shaped anchor · Uplift capacity · Axisymmetric · CL-type soil ·
FEM

1 Introduction

Many civil engineering structures like transmission towers, guyed towers, coastal
structures and offshore structures are often subjected to huge uplift or pull-out forces.
To resist these forces, anchor foundation plays an important role. With the help of
self-weight of the anchor and the soil mass within the failure zone and also friction
force surrounding the failure surface, anchor foundation counters the pull-out forces.
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Many researchers [3, 4, 9, 11, 12, 15] have investigated the uplift capacity of anchors
inserted in sand. There are very few literatures available on the behaviour of a bell-
shaped anchor in cohesive and cohesive-frictional soils. Liu et al. [10], Jesmani
et al. [8], O’Kelly et al. [13], Perazzelli and Anagnostou [14], Singh et al. [16] have
experimented on plate anchors, strip anchors and granular anchors in the soil mass.
It can be said that comprehensive investigation on the UC of anchor, particularly
the bell-shaped anchor inserted in c-φ soil, is very limited. Hence, in this paper, an
effort has been made to study the behaviour of the bell-shaped anchor inserted in
homogenous c-φ soil using ABAQUS. It has also been attempted to investigate the
influence of various parameters on UUC of the bell-shaped anchor inserted in soil.

2 Statement of the Problem

A numerical simulation based on FE analysis has been carried out to investigate
the response of the bell-shaped anchor inserted in c-φ soil. Using ABAQUS, a 2D
axisymmetric model of soil, bell-shaped anchor system, has been considered for the
investigation purpose. For analysing the uplift capacity (UC) of the anchor inserted
in homogeneous c-φ soil, the bell diameters of the anchors are considered as 0.125,
0.250, 0.187 and 0.3125 m. The dimensions of the anchors have been chosen based
on earlier work [3]. In the present investigation, the above anchors are designated
as Anchor 1, Anchor 2, Anchor 3 and Anchor 4 for bell diameter 0.125, 0.1875,
0.2500 and 0.3125 m, respectively. Figure 1 represents the schematic diagram of the
soil–anchor system considered in the study.

3 Assumptions and Analysis Procedure

In view of the symmetry of the anchor–soil system and to save time cost, a half
model of the system has been considered for the current numerical study. Soil strip
has been considered as 6 times and 10 times the bell diameter in the horizontal and
the vertical directions, respectively. The anchor has been considered as an elastic
material and c-φ soil as a linear elastic and perfectly plastic, viz. Mohr–Coulomb
material. Between the anchor and soil, friction has been considered as interaction
criterion. The model has been discretized by CAX4R (continuum axisymmetric 4
noded reduced integral) 4-noded bilinear elements. The analysis has been carried
out in two steps. Hibbett et al. [7] showed that by assigning a displacement boundary
condition, the limit load of granular materials like soil can be computed through FE
analysis. In the first step, static analysis has been carried out to consider equilibrium
condition and limit load analysis to find the uplift response in the second step. In
this present study, the upward displacement of 30 mm has been applied to all the
model analyses. From the result of the analysis, reaction forces have been calculated
corresponding to the settlement of the anchor.
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Fig. 1 Schematic diagram of the soil anchor system considered for modelling (not to scale)

4 Foundation Materials

In this study, one type of c-φ soil has been collected from Agarpara, Kolkata, West
Bengal, India, used as foundation material. The grain size analysis, liquid limit (LL)
and plastic limit (PL) of the soil has been performed in the Geotechnical Engineering
Laboratory, IIEST, Shibpur,West Bengal, India. The values of sand size particle, silt-
size particle and clay particle are 3, 65 and 32%, respectively. The specific gravity
(ρ) of the soil is found as 2.68. The values of LL andPL of the particular soil obtained
from the test are as 42.25 and 24.65%, respectively. According to ASTM 2487 [1],
the soil may be classified asCL. The compaction tests of the soil have been performed
in accordance with ASTMD698 [2] in the Geotechnical Laboratory. Dry unit weight
versus moisture content curve is shown in Fig. 2. Maximum dry unit weight (MDU)
and optimummoisture content (OMC) values as obtained from the curve (Fig. 2) are
15.5 kN/m3 and 22.5%, respectively.
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Fig. 2 Dry unit weight
versus moisture content
curve for soil
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Table 1 Input parameter
used in the ABAQUS analysis

Parameters Values

Dry unit weight (kN/m3) 15.5 14.2

E (MPa) 17.69 5.99

Angle of internal friction (°) 25.5 10.42

Cohesion (kN/m3) 86.87 79.7

5 Input Parameters

In the present work, bell-shaped anchors are considered to made of concrete and
have been inserted in the soil bed. Density, Young’s modulus and Poisson’s ratio of
concrete has been considered as 25 kN/m3, 25,000 MPa and 0.15, respectively. The
input parameters for foundation materials are dry unit weight (γ d), elastic modulus
(E), angle of internal friction (φ) and cohesion (c). The values of the respective
parameters as obtained from the laboratory tests are presented in Table 1.

6 Convergence Study

Meshing of the geometric model is essential for the accuracy of the numerical anal-
ysis. Hence, a convergence study has been carried out with a typical model Anchor
3 with H/D ratio 2, and mesh size has been determined. The input parameters for
foundation medium considered as 15.5 kN/m3, 17.69 MPa, 25.5° and 87.5 kPa for
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Fig. 3 UUC versus number
of element curve for anchor
in clay (Anchor 3, H/D =
2.0)
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γ d , E, c and φ, respectively. Figure 3 presents theUUC of anchor versus the numbers
of elements. From the figure, it is found that 4132 no. of element quite sufficient to
analyse the model anchor in soil efficiently. Now 4132 numbers of CAX4R elements
have been generated by the meshing of the anchor soil model for each case.

7 Verification of the Model

Due to non-availability of past research data on the UC of anchor in c-φ soil, the
results of the current ABAQUS analysis have been verified with available data of
UC of anchor in sand represented by the previous author [3]. To verify the above
ABAQUS analysis results, anchor with bell diameter 0.250 m and sand type S1 (rela-
tive density= 50%) have been considered. Figure 4 represents theUUC versusH/D
ratio curve. It can be observed from Fig. 4 that the results obtained from ABAQUS
analysis are quite close to the results of Bera and Banerjee [3].

8 Plan of the Numerical Analysis

To investigate the behaviour and the influence of the governing parameters, viz.
(H/D), anchor diameter (D) and dry unit weight (γ d) of c-φ soil onUC of bell-shaped
anchor, three different series (A, B and C) have been chalked out for numerical
analysis. In the series A, analysis has been performed with variable H/D ratios
of 0.5–10.0 (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0)
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Fig. 4 UUC versus H/D
ratio curve for anchor in sand
(Dr = 50%)
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for Anchor 1. Series B has been carried out for investigating the influence of bell
diameter (D) onUC of anchor with the variation ofH/D values. In the series B,H/D
is varying from 0.5 to 5.0, whereas bell diameter is varying from 0.125 to 0.3125 m.
To distinguish the influence of the dry unit weight of soil on UC of anchor, series
C has been planned. In this series, two different soils of dry unit weight 15.5–14.20
kN/m3 have been considered with varying H/D ratios.

9 Results and Discussions

After performing the numerical analyses with the help of the ABAQUS, the results
obtained are plotted. Figure 5 represents a contour plot for the vertical displacement
of Anchor 1 for H/D ratio of 3. The load versus displacement curve for Anchor
4 (bell diameter = 0.3125 m) with the variable ‘H/D’ ratio is presented in Fig. 6.
Plots of UUC versus bell diameter (D) curves are presented in Fig. 7. The UUC
versus H/D ratio curves for different anchors inserted in soil are presented in Fig. 8.
Figure 9 represents the plots of UC versus H/D ratio (up to 10) curve for Anchor 1.
The UC versus H/D ratio curves for Anchor 4 by varying the dry unit weight of soil
are represented in Fig. 10.
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Fig. 5 Contour plot for vertical displacement for Anchor 1 for H/D = 3 (values are in ‘m’)

Fig. 6 Typical UC versus
upward displacement curve
for Anchor 4
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Fig. 7 UUC versus bell
diameter curve
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Fig. 8 UUC versus H/D
ratio curve with varying
anchor bell diameter
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Fig. 9 Typical UUC versus
H/D ratio curve for Anchor 1
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9.1 Effect of Bell Diameter (D) on UC of Anchor

Bell diameter of bell-shaped anchor is one of the governing parameters for deter-
mining UC of anchor. Figure 7 represents the plotting of UUC of anchor versus
bell diameter curves. The curves depict that with the increase in the value of D
(0.125–0.3125 m), the value of UUC increases for the entire H/D ratio under study.
It can also be found that the rate of increase in UC for bigger bell diameter anchor
is much greater than the small diameter anchor. It may be that due to the increase in
the values of D, the size of failure zone increases. Hence, the weight of the soil mass
inside the zone becomes larger, and as a result, the uplift capacity increases.

9.2 Influence of H/D Ratio on UC of Anchor

H/D ratio is a significant parameter for determining the UC of anchor. Figure 8
presents theUUC versusH/D ratio curves for different anchors (varying bell diameter
0.125–0.3125 m). The curve (Fig. 8) displays that the increment in the values ofH/D
ratio proportionately increases the value of UUC of anchor regardless of the value
bell diameter. Figure 9 represents theUUC of anchor versusH/D ratio up to 10. The
curve also showed that at certainH/D ratio (H/D= 4), the rate of increase inUUC of
anchor has become smaller. Das [5] opined that the critical H/D ratio is in between
3 and 7 in case of the clay. Das and Sukhla [6] also reported in case of square and
circular plate anchor in sand that the critical H/D ratio varies between 3 and 4 for
friction angle, and φ ranges between 25° and 30°. In the present investigation, the
critical H/D ratio may be of 4 in case of c-φ soil under study.

9.3 Influence of Dry Unit Weight of Soil on UC of Anchor

The dry unit weight of the soil is an important parameter in the calculation of theUC
of anchor inserted in the soil. The plots of UUC of anchor versus H/D ratio curve
with varying dry unit weight (dry unit weight of 15.5 and 14.2 kN/m3) are displayed
in Fig. 10. From the plots, it can be observed that the higher the dry unit weight of
the soil, higher in the UUC of anchor irrespective of H/D ratio. Higher value of dry
unit weight of soil implies higher strength of the soil, and as a result, higher is the
UC.
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10 Conclusions

Based on the results obtained from the present numerical analysis, the following
conclusions may be drawn:

• The increment of theUC of bell-shaped anchor is proportional to the bell diameter
under the study for c-φ soil irrespective of H/D ratio.

• Increase in the value ofH/D ratio leads to an increase in the value ofUUC of anchor
regardless of the anchor diameter. The critical value of H/D has been found to be
4 in case of CL types of soil.

• The UUC of anchor inserted in c-φ soil increases with the increase in the dry unit
weight of the soil regardless of the H/D ratio under consideration.
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Improving the Soil Subgrade with Plastic
Waste Reinforcement—An Experimental
Study

Alka Shah and Hiral Modha

Abstract The subgrade soil is an integral part of pavements which provides sup-
port to the pavement. The behaviour of road surface depends on the strength of
filling material and the subgrade below it. The pavements are vulnerably affected by
the change in subgrade soil properties due to water-table fluctuation, overloading,
flooding, etc. This study focuses on improving the strength of soil subgrade using
plastic waste soil reinforcement technique in pavement construction, looking to the
current environmental issue related to the utilisation of waste plastic, as plastic is a
non-biodegradable material. In this study, geocell and geogrid were prepared from
plastic waste and used as soil reinforcement. The plastic waste geocell and geogrid
were placed at different depths from the top of theCBRmould. TheCBR test was per-
formed for unsoaked condition of virgin soil and reinforced soil, and the behaviour
of load versus penetration was observed. The results show that by placing plastic
waste reinforcement at different depths, the strength of the reinforced subgrade soil
considerably increased with respect to virgin soil. The confined structure of plas-
tic waste geocell shows significant strength improvement compared to plastic waste
geogrid. The result shows that the significant improvement in strength of soil using
geogrid and geocell was effective at a particular depth. This study reveals that the use
of plastic waste for improving subgrade soil strength is a good option. The plastic
waste can be utilised in pavement construction as well as it can be the cost-effective
solution.
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1 Introduction

Infrastructure development is playing amajor role in the Indian economy. This sector
emphasising on major infrastructure sectors such as power, road, bridges and urban
infrastructures. India has the second largest road network in the world. There are a
lot of challenges against the construction of new road network like source material
availability, quality of materials and type of subgrade soil. Infrastructure projects of
highways or railways which are vulnerably affected by the change in subgrade soil
properties due to water-table fluctuation, overloading, flooding, etc. Subgrade soil
strength is one of the reasons for pavement failure. To improve engineering properties
of soil subgrade, well-defined techniques are widely used by the addition of cemen-
titious agents like lime, Portland cement and fly ash. Soil confinement by providing
reinforcement through natural or synthetic fibres is also used. Use of geosynthetic
material to reinforce the soil is, nowadays, the major field of research which alter
the subsoil property effectively. As by introducing geosynthetics, relatively thinner
layer of pavement is required compared to untreated soil subgrade which results in
cost saving. On the other side, infrastructure development and urbanisation lead to
high rate of municipal solid waste generation and cause problems of disposal of this
type of waste. Out of all types of municipal solid wastes, disposal of plastic waste
is one of the big issues all over the world, because recycling of some type of plas-
tic waste is uneconomical as well as non-environmental friendly. According to the
general survey report, 1500 plastic bottles are thrown in an ambient environment
every second. In India, usage of different plastic products per year per person is 1 kg
averagely and in the world, the same is 18 kg [1]. In India, it is observed that average
plastic waste generation is about 6.29% of total MSW and 25,940 tons per day. Out
of total plastic waste, around 94% plastic waste of which recycling or reuse can be
carried out; because, it comprises of thermoplastic content (CPCB 2016). Hence,
there is a need to reuse plastic waste as it will solve the problem of plastic waste dis-
posal and reduce the impact on environment. Choudhary et al. [2] denoted the use of
waste plastic strip as a reinforcement to improve soil subgrade in flexible pavement
through California bearing ratio (CBR) test. The study carried out to investigate CBR
behaviour of waste plastic strip reinforced soil for different amounts of strip percent-
age by weight (0, 0.25, 0.5, 1, 2, 4%) and aspect ratio (0, 1, 2, 3, 4). From the results,
it can be said that there is a significant increase in CBR value. Also, the extent of
CBR value improvement with the inclusion of plastic strip has been given with ratio
known as California bearing ratio index (CBRI) defined as the ratio of CBR value of
reinforced soil to the CBR value of virgin soil. Data shows that CBRI increment is
50–70% at 0.25% strip content and 80–90% at 2% strip content but when reaches to
4% CBRI started showing decrement [2]. Nair and Gali [3] carried out experimental
analysis using geocell and geogrid as a reinforcing material to observe behaviour
of soil subgrade through modified CBR test, model test in steel tank of 750 mm ×
750 mm× 620 mm and field test in a stretch of 1 m× 2 m [3]. In this study, geocell
(aspect ratio 0.4) was made from strong biaxial geogrid (ultimate tensile strength
38 kN/m). Test results show that pressure sustained by unreinforced is more than
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reinforced section and also geocell is more effective than the planner reinforcement
due to its confining action. Bala et al. [4] have concluded the results using plastic
waste with red mud, fly ash and mixture of fly ash and red mud. The compaction and
strength behaviour were analysed using compaction and CBR test. The maximum
dry density of red mud and fly ash increased with increase in waste plastic up to
2%, further increase in waste plastic reduces the maximum dry density. OMC value
remains same in each case. The addition of plastic waste in the proportion of 0.5, 1.0,
2.0% increases the CBR value, which reduces with 3% of waste plastic. Increase of
CBR value indicates that the thickness of pavement can be reduced by the addition
of waste plastic content up to 2% [4].

Use of plastic waste to alter the soil properties is an emerging research area [5].
Geosynthetics, which are made from different synthetic polymeric materials, have
been used since early 1970 by the civil engineers to perform different functions
like separation, drainage, reinforcement, protection, filtration and barrier [6]. To per-
form different functions, many products are available in different forms like geotex-
tile, geomembrane, geogrid, geonet, geocell, geofoam and geocomposite materials.
Geogrid is a stiff or flexible polymer-grid-like sheets with large aperture used pri-
marily as reinforcement of unstable soils or waste masses as per the geosynthetics
research institute (GRI). Geocell is known as cellular confinement system. Network
of geocell forms a cellular soil confined system which result in to strong and stable
mattress like layer in soil. Plastic is made up of synthetic or semi-synthetic polymers
which are solid and non-biodegradable materials. Looking at the similar basic raw
materials in this research work, effort has been made to reuse plastic waste bottles to
solve the environment-related issues by reusing and/or recycling the materials. The
main objective of present study is to analyse the behaviour of reinforced and unre-
inforced subgrade soil through CBR test by using plastic waste as a reinforcement
which is converted into geogrid (by strips of plastic waste bottles) and geocell (by
connecting neck of bottles) [7].

2 Experimental Study

In the present study, experimental investigation was carried out to analyse CBR
behaviour of silty sand with the inclusion of plastic waste as a reinforcement in
the form of geogrid and geocell which is made from plastic water bottle (PET
or polyester—Polyethylene terephthalate). Geogrid was made by cutting the strips
from plastic water bottles of 1.5 cm width and aperture size maintained as 1.5 cm×
3.0 cm. Geocell was made from the circular neck of the plastic bottle which is having
a dimension of 1 cm height and 2 cm diameter. The geocell mat was prepared by
connecting geocell (circular neck of bottle). The geogrid and geocell mat have the
same dimension as of CBR mould, i.e. 15 cm diameter which is shown in Figs. 1
and 2, respectively. The plastic water bottles used in the present study were collected
from the canteen of institute. Silty sand was procured from nearby site for experi-
mental work, in which properties are given in Table 1. CBR specimens were prepared
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Fig. 1 Plastic waste geogrid
(PWG)

Fig. 2 Plastic waste geocell
(PWGc)

according to MDD, 19.12 kN/m2 and OMC, 12% which found from standard proc-
tor test as per IS 2720-Part VII (1980) [8]. The CBR test was carried out as per the
procedures described in IS 2720-Part XVI (1987) [9]. The unsoaked CBR test was
performed by the inclusion of plastic waste geogrid (PWG) and plastic waste geocell
(PWGc) placed at different heights, i.e. 2.5, 5 and 7.5 cm from top of the CBRmould
as shown in Fig. 3.
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Table 1 Index properties of
soil

S. No. Index properties Values

1 Specific gravity 2.67

2 Liquid limit (%) 15%

3 Plastic limit (%) NP

4 Plasticity index (%) N.A.

5 Soil classification SM

Fig. 3 Reinforcement at different layers of CBR mould

3 Test Result and Discussion

Load versus penetration curve was plotted after performing laboratory CBR test
(unsoaked) for virgin soil and confined soil with plastic waste geogrid (PWG) and
plastic waste geocell (PWGc) which were placed at different heights from top of
CBR mould.

3.1 Effect of Plastic Waste Geogrid (PWG) Used
as a Reinforcement

From the observation of load versus penetration curves for PWG and soil as shown
in Fig. 4, it is clear that reinforcement inclusion in the form of PWG increases the
load-carrying capacity of soil compared to virgin soil. This is may be due to the
fact that plastic waste geogrid performs the same function that as of conventional
geogrid. It is evident that plastic waste can be used as a reinforcement. From the
result of CBR test, it can be concluded that as depth of PWG decreases from top
of mould, the behaviour of soil is changing. From unreinforced soil to reinforced
soil, reinforcement at 7.5 and 5 cm depth, the load-carrying capacity increases, but
the capacity reduces after this depth, i.e. at 2.5 cm. This behaviour shows that the
inclusion of reinforcement is effective at 5 cm depth from top of the CBR mould.
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3.2 Effect of Plastic Waste Geocell (PWGc) Used
as a Reinforcement

From the observation of load versus penetration curves for PWGc and soil is shown in
Fig. 5, it is clear that reinforcement inclusion in the form of PWGc also showing the
same behaviour as of plastic waste geogrid (PWG) that increases the load-carrying
capacity of soil compared to virgin soil. Here, the load versus penetration behaviour
is different from that of PWG. From virgin soil to PWGc at 7.5 cm depth, load-
carrying capacity increases significantly but after that PWGc at 5 and 2.5 cm depth
the same decreases; so, PWGc shows good response at 7.5 cm depth from top of the
CBR mould.
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3.3 Comparison of PWG and PWGc as a Reinforcement
in Soil

Comparing PWG and PWGc as a reinforcement, PWGc shows significant load-
carrying capacity, i.e. maximum 13.76 kN at 7.5 cm depth while in PWG, it is
9.56 kN at a 5 cm depth. CBR value is a parameter to express the strength of subgrade
soil. CBR value of virgin and reinforced soil at different depth is shown in Fig. 6.
CBR value is greater for all depth in case of PWGc as a reinforcement compared
to PWG. There is a 250% increase in CBR value at 7.5 cm for PWGc and only
22% for PWG. There is an increase in CBR value 168 and 72% for PWGc at 5
and 2.5 cm depth, respectively. PWGc is effective at 7.5 cm depth from top of CBR
mould. For PWG at 5 and 2.5 cm, 143 and 13% increase in CBR value, so PWG is
effective at 5 cm depth. From these results, it can be concluded that PWG and PWGs
show significant effect and considerable improvement in CBR values of silty sand
at particular depth, i.e. 5 and 7.5 cm, respectively. Here in CBR test, the plunger
acted as foundation which has 5 cm width. With the consideration that shear zone
depth below foundation is less than the width of foundation, so looking to the shear
zone, CBR value is effective at 5 cm depth in case of PWG while in case of PWGc
due to its three-dimensional structure effective depth is more, i.e. 7.5 cm. Moreover,
significant behaviour of geocell reinforcement is due to interconnected and cellular-
type, honeycomb-like structure of geocell. The geocell-type reinforcing mechanism
provides all-round confinement to the soil, which prevents the lateral spreading of
material on the application of load. Because of this type of structure of geocell, soil
composite system can be formed where geocell layer transfers the load over the
layers beneath it and thus increasing the capacity of parent material.
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3.4 CBRI Variation

The improvement in CBR value can also be shown by the ratio called California
bearing ratio index (CBRI) [2]. CBRI is defined as the ratio of CBR value of rein-
forced soil to the CBR value of virgin soil. The value of CBRI with respect to the
depth of the inclusion of PWGc and PWG is shown in Fig. 7. The maximum value
of CBRI for PWGc is 3.50 at 7.5 cm and for PWG is 2.43 at 5 cm while at other
depth improvement is not effective. CBRI variationwith depth is significant in PWGc
compared to PWG. CBRI is also representing the same behaviour as reinforcement
is effective at particular depth only.

3.5 Application of PWG and PWGc in Field

PWG and PWGc show significant behaviour change in soil subgrade. So, it can be
used in fieldwith proper dimension and laying. Here in this study, the ratio ofwidth of
geosynthetics (Wg) towidth of foundation/plunger (W f) is 3 (Wg/W f = 15/5= 3). So,
according to width of foundation, proper dimension of reinforcement can be taken.

4 Conclusions

Following are the conclusions drawn from the experimental investigation carried out
to analyse CBR behaviour of soil subgrade with the inclusion of plastic waste in the
form of geogrid and geocell made from waste plastic water bottle:
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1. The addition of plasticwaste bottle in the form of geocell and geogrid appreciably
increases the load-carrying capacity, unsoaked CBR value and CBRI of virgin
soil; so, it can be used for the improvement of soil subgrade as a geosynthetic
material.

2. Reuse of plastic waste in the form of geogrid and geocell solves the problem of
dumping of plastic waste.

3. Maximum improvement in unsoaked CBR is achieved by plastic waste geocell-
type reinforcement (PWGc) compared to plastic waste geogrid reinforcement
(PWG) due to its cellular type of structure which provides confinement to the
soil.

4. Placing of reinforcement in soil material in the form of geocell and geogrid is
effective at particular depth due to shear zone effect.
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Numerical Analysis of Behavior of Single
Pile in Layered Soil Against Lateral Load

Shahnwaz Ahmed , Md. Rehan Sadique , Mudassir Ali Khan
and Vishwas A. Sawant

Abstract Pile foundations are often subjected to lateral loads along with vertical
loads. In this paper, the behavior of a single pile is determined using finite element
analysis. The P-Y curve is generated by using finite element modeling which was
used for comparison to investigate the behavior of soil. The analysis was performed
for free headed pile as allowing for rotating. The analysis has been performed for
the single pile in soil layering profile. Drucker–Prager and Mohr–Coulomb models
have been used to simulate the medium dense sand and clay, respectively. Layering
effect on lateral deflection was plotted for the different case. It has been observed that
lateral deflection of single pile in uniform clay layer is greater than that in uniform
sand layer.

Keywords Pile foundation · Lateral loading · Layered soil · Lateral bearing
capacity · Lateral deflection

1 Introduction

Pile foundation is the most versatile method to transfer a load of superstructure
through the deepproblematic soil to hard strata. Pile foundationswere frequently used
to transfer not only the vertical load but also the lateral (lateral). High rise buildings,
offshore platforms, bridges, defense structures, dams, metro projects, transmission
towers, earth retaining structures, wharves, and jetties were few important structures,
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where pile foundation was frequently used to support vertical and lateral loads.
Analysis of the behavior of single pile under lateral loading, as far as load distribution
and displacement along the pile are concerned, has been analyzed through various
methods [1–3, 12, 13]. Under lateral loading, the pile foundation transfers the load to
the surrounding soil mass by using the lateral resistance of soil. When a lateral load
applied on the pile, a part or whole of the pile tries to shift laterally in the direction
of the applied load, producing bending, rotation or translation of the pile [1]. For the
purpose of design, the assessment of the load transfer mechanism of a single pile
is of utmost important [5]. Nevertheless, the numerical methods are very versatile
and worthwhile tools for analysis and design of geotechnical problems. However, it
should be carefully used and calibratedwith the appropriate tests. They also constitute
a valuable way of performing a sensitivity analysis of the soil parameters. There have
been extensive studies for laterally loaded pile in a single layer [6–9, 14, 16] but in
the literature very less work on layered [10, 11, 13]. This work presents four three-
dimensional finite element models single pile embedded in uniform and layered soil
profiles subjected to the lateral load.

2 Methodology Adopted

In the present work, finite element analysis-based software Abaqus is used to model
single pile behavior subjected to lateral load, Fig. 1. Soil layer has been considered
as uniform sand, clayey soil, and their combination stratum, while the pile has been
considered as free head reinforced concrete pile. The lateral load has been applied
at the top of pile as a concentrated point load. Medium size element has been used
for mesh as this will give us first insight into the problem. Fine mesh of element
size 0.016 m has been used for the soil surrounding the pile, while rest of the soil,
is provided with coarser mesh (i.e. element size 0.05 m). Linear hexahedron type
element has been used for pile and soil modeling. The number of elements generated
in soil modeling was 50,000, while 2500 elements have been generated in pile.

2.1 Geometric Modeling

In the present analysis, the geometric model has been scaled down to optimize the
computational efficiency of the available workstation Dell Precision Tower 7810. A
rectangular soil model having dimension of 900 mm in length, 700 mm in width, and
65 mm in height has been generated using Abaqus/CAE. However, the piles have
been considered as reinforced cement concrete pile having a circular section. The
diameter of the pile has been assumed as 15.88 mm and the length 0.5 m similar to
pile studied by Khari et al. [7]. The geometric model of pile and soil has been kept
constant for all the four cases considered in the present study.
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Fig. 1 Pile and soil modeling

Table 1 Material properties of sand and clay used in FEM analysis

Soil E (KPa) ν γ

(kg/m3)
� � Cu (KPa)

Medium dense sand 17,400 0.35 1444 37.1 0 –

Clay 11,000 0.47 1180 – 0 –

Concrete 25,000,000 0.15 2500 – – –

2.2 Constitutive Modeling

In this numerical study, the two simple models were used. Soil is modeled as non-
linear elastoplastic. Sand is modeled as Drucker–Prager, and clay is modeled as
Mohr–Coulomb model. Table 1 shows the various parameters used in FEM analysis
[11].

3 Results

A number of analyses had been done to assess the comparative behavior of deflection
of pile in different combination of soil. The results are expressed in terms of P-Y
curve for various combination of soil layer system. Deflection of pile in uniform
sand is shown in Fig. 2. The maximum value of deflection at the top of pile has been
observed as 15.42 mm, while at base is 1.64 mm in the direction opposite to load
directions showing the layer and Fig. 3 shows the same in multilayered soil. With
the help of numerical analysis approach, the behavior of pile subjected to the lateral
load in layered isotropic soils is investigated.
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Fig. 2 Deflection contour of pile in single layer

Fig. 3 Deflection contour of single pile in multilayered soil

4 Analysis

It has been observed that lateral deflection of single pile in clay layer is greater than
that in the sand layer. It may be due to plastic behavior of clay. Figure 4 shows
the deflection in uniform sand and uniform clay. The percentage of increment in
deflection is about 30%. It is worth mentioning that uniform sand is stiffer than the
uniform clay case, and therefore, displacement is lesser in sand as compared to clay.

4.1 Clay Layer in Sand Deposit

It is very interesting note that the difference of deflection of pile in sand deposit and
sand deposit with clay layer is insignificant. Figure 5 shows comparative deflection.
The percentage variation is about only 1.5%.
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Fig. 5 Comparison of deflection of single pile in sand deposit and sand deposit with clay layer

4.2 Sand Layer in Clay Deposit

Figure 6 shows the comparison of single pile in clay stratum alone and pile in clay
stratum when sand layer is present. There is little decrease in deflection when a
layer of sand is present in clay deposit as compared to clay deposit only. It has been
observed that the decrease in deflection of pile by introducing layer sand is about
4–5%. Also, it may be associated with the thickness of sand layer introduced.
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Fig. 6 Comparison of single pile in clay deposit and clay deposit with sand layer

5 Conclusion

This paper presents a series of FE analyses simulating the performance of reinforced
concrete pile foundation against the lateral load. Assessment of the lateral displace-
ment of pile due to lateral load has significant importance for the design aspect.
Often bearing capacity of piles is attained for a displacement which is beyond the
permissible limit for a structure. Since that, the experience is required in order to get
reduced bearing capacity assuming full utilization of shaft friction. The numerical
results showed that lateral displacement of pile in clay deposit is higher than that in
sand deposit. A small decrease in deflection about 4–5% is observed when a layer of
sand is introduced in clay stratum. This variation may be associated with the thick-
ness of sand layer introduced. There was an insignificant effect of introducing of
clay layer in sand deposit.
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Determination of Liquefaction Potential
of NCR Region

Sanjeev Mukherjee, Vardhman Jain, Akshay Gupta and Dev Anand Pandey

Abstract Evaluation of liquefaction potential of a region is useful in a variety of
ways as it gives information on the geological characteristics of the region of interest
and proves to be important when it comes to taking preventive measures before and
after the occurrence of an earthquake. Study and analysis of liquefaction potential
index involve criteria like the geotechnical characteristics, the historical criteria as
well as the seismic vulnerability of the region. Region selected falls in both Delhi and
Noida; hence, NCR region is taken in title. It was observed that the evaluation of LPI
is of paramount importance. The aim of the present report is to evaluate potential of
liquefaction of Noida andGreater Noida region by calculating factor of safety against
liquefaction using simplified approach and comparison of the results with respect to
the methods used; these results will extend its help in micro-zonation of the region.
The total boundary of the study area falls within a radius of 20 km approximately.
Standard penetration test was vital for the collection of SPT-N values. The field
test was carried out at the specified location, and various soil characteristics were
recorded for analysis using SPT. The project also consists of the effect of factor of
safety due to the change in the peak ground acceleration by increasing or decreasing it
as well as the change in the magnitude of the earthquake on the liquefaction potential
sites. It was observed that, the MSF depends upon the resistance of the soil against
the seismic activity and peak ground acceleration depends upon the seismic capacity
of the earthquake against the soil. In our present study, 0.24g has been used.
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Keywords CSR · CRR · F.O.S · Standard penetration resistance · Liquefaction ·
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1 Introduction

Liquefaction is a complex phenomenon that mainly occurs in saturated soils having
undrained conditions as well as in cohesionless soils (such as sandy soil and clayey
soil) in which the solid material of the soil transforms into the liquid state due to
effect of an earthquake upon it which results into loss of the strength of the soil as
well as the increase in the water pressure in the soil molecules. Earthquake persuaded
liquefaction has been identified in the past, somany years such as the 1897 earthquake
havingmagnitude of 8.1, initiated under the Shillong plateau caused into liquefaction
phenomenon affecting mass destruction of the area.

Estimation of liquefaction is of paramount importance as it helps in the seismic
micro-zonation of the city of Niigata earthquake of 1964 based on the study by
Hamada [1].

While in our present study, the determination of the potential of liquefaction is
by using the simplified procedure which was presented by Seed and Idriss [2]. Our
aim is to determine the factor of safety as well as our study is confined in the Noida
region spanning from Sector 72 to knowledge Park V.

2 Area of Study

Our study was primarily based upon the Noida region where most of the soils are
sandy as well as silty. It was also observed that the Noida region is situated in zone
IV according to the seismic zones as per IS 1893.9 boreholes data were collected
stretching from Sector 72 to Knowledge Park V as shown in Fig. 1. In these Standard
Penetration test were performed and the respective SPT-N values were determined
for the calculation of CRRwhich in turn is known as the resistance of the soil against
the liquefaction. The data for the SPT was taken from the consultancy which was
further processed using the Excel worksheet to calculate the potential index.

3 Methodology

The methodology of the analysis of the liquefaction potential includes the following
processes:

(i) Identification of the area based upon the historical criteria, geological charac-
teristics, and the depth of the groundwater table.
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Fig. 1 Boreholes location

(ii) Determine the parameters such as CSR as well as CRR which is known as the
seismic demand and resistance against liquefaction, respectively.

(iii) Lastly, the F.O.S which in turn is the ratio of resistance of the soil to seismic
demand is determined.

(iv) The effect of the liquefaction potential which is the F.O.S [3] due to PGA as
well as MSF [4] is also compared for generalizing the study.

It should be noted that Cyclic resistance ratio is to resist the effect of the increase
of the pore water pressure due to the effect of the horizontal force of the earthquake
or due to the presence of the dynamic loading.

4 Liquefaction Index of Boreholes

4.1 Cyclic Stress Ratio (CSR)

This is the seismic demand which can also be termed as the driving force for the
flowing of the soil in the liquid form to occur. This is dependent upon the PGA [5]
and is not dependent upon the magnitude scaling factor.

CSR = τav

σ ′
vo

= 0.65
amax

g

σvo

σ ′
vo

rd (1)

where

amax peak level acceleration at the earth surface;
σ vo total effective vertical;
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σ ′
vo overburden stresses;

rd stress reduction coefficient.

Stress reduction factor is evaluated using the following equation and graph.While
it has been assumed that the soil is layered in rigid form but due to the flexibility
pertinent to it, the use of this coefficient comes into place. Here, z is the depth of the
soil beneath the ground level.

rd = 1.000 − 0.4113z0.5 + 0.04052z + 0.001753z1.5
(
1.00 − 0.4177z0.5 + 0.05729z − 0.006205z1.5 + 0.001210z2

) (2)

Liao andWhitman (1968) invented another formula to calculate rd as given below.

rd = 1.02 − 0.00765z for z = 9.15 m
rd = 1.1742 − 0.0267z for 9.15 m < z < 23 m

4.2 Cyclic Resistance Ratio (CRR)

This is primarily used for illustrating the resistance value of the soil in contradiction
of soil to flow. Due to earthquake, there is the increase of the water pressure and it has
been observed that the soil particles move with agility and start flowing the capacity
of the soil to resist this motion is governed by the value of CRR. Hammer efficiency
plays a major role in determining the CRR [6]. Here, the hammer efficiency is taken
to be precise 65%. For standardization, the CRR is calculated for the magnitude of
intensity at 7.5 Richter scale. While for the other intensity of magnitude, the MSF
[7] is taken into consideration with it.

Here, it was observed that it was calculated for the corrected SPT-N value as
shown in the formula.

In our project, we have made use of SPT and applied suitable correction for
overburden for CRR calculation. N values obtained from standard test procedure is
corrected for overburden pressure and hammer energy ratio of 60%. This value is
restated as (N1)60

CRR = 1

34 − (N1)60
+ (N1)60

135
+ 50

[
10(N1)60 + 45

]2 − 1

200
(3)

CRR = CRR7.5 × MSF

Hence, by Eq. (3) standardized value of CRR is calculated.
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4.3 Factor of Safety (F.O.S)

Lastly, calculation of the factor of safety is done as shown below; it is given as the
ratio of resistance pertinent to liquefaction to the seismic demand due to the driving
force of the earthquake.

Fs = CRR

CSR
: If Fs < 1.0: Liquefaction

The ratio less than unity governs the fact that the soil can undergo liquefaction. In
most of the boreholes where the test was conducted, it was observed that most of the
sites are not prone to liquefaction as the factor of safety was less than unity. A sample
from the numerous boreholes data is indicated below. The experimental analysis of
standard penetration test was explained as earlier. The data entirely focusses on index
properties of the soil which are the specific gravity, plastic limit, liquid limit, SPT-N
[8] value. It was observed that the value of SPT is larger as we go deeper the soil
layer as compared near the ground level. While it has been observed if the soil layer
consisting of SPT-N valuemore than 30, then the process of liquefactionwon’t occur.
In situ test for the calculation of the term is primarily done (Fig. 2).

Fig. 2 SPT N-values with the depth all the nine sites in NCR region
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5 Results and Discussion

5.1 Water Table at Actual Condition

In this case, the actual condition of the groundwater table is more effective. Here
the soil characteristics were filled in the excel worksheet and the desired result was
obtained. Most of the boreholes are susceptible to liquefaction at depths close to
the ground. There is no general trend of liquefaction common to all boreholes, but
one thing can be concluded that the region is susceptible to liquefaction if the ratio
of CSR to CRR [8] is greater than unity as one can perceive from the graphs of
the various bore log data. Since the graph of each of the bore log data follows a
different trend, one cannot convey without conducting the experimental analysis
whether the site will be prone to liquefaction or not. It can be observed that BH-7
is most liquefiable, while BH-2 is least liquefiable. This means that various ground
improvement techniques would be of paramount importance of the site consisting
of BH-7 in order to make it the normal working as well as sustainable condition for
the numerous construction processes like the improvement techniques namely use
of vertical drains, use of compaction techniques. It has been observed that BH-01,
BH-03, BH-04, BH-06, BH-09 shows a similar trend while comparing the both the
terms values. The rest of the bore log data shows the similar trend.

5.2 Water Table at Ground Surface

Here the soil characteristics were filled in the excel sheet and the desired result was
obtained. The variation of CSR/CRR with depth (up to 16 m) for the first eight
boreholes is shown in Fig. 3. Here the effect of the water table is not considered as it
has been observed that during the monsoon reason the depth of the groundwater table
fluctuates, so the water table is assumed to be near the ground level and then analysis
is performed. The CSR/CRR is marked on X-axis, while depth is plotted on Y-axis.
CSR is shown with thick lines, while CRR is shown with broken lines, it can be seen
from the graph that for portions where CRR is less than CSR, liquefaction is likely to
follow in those pockets. While in areas where CRR exceeds CSR, those pockets are
permitted from liquefaction. Out of the eight boreholes, fifth is least vulnerable to
liquefaction, while eighth is most liquefiable. In this case, water table is presumed to
be at the ground surface and magnitude of earthquake is taken as 7.0.BH-01, BH-04,
BH-06 shows a similar trend as is observed from the graphs as shown in Fig. 4.

While comparing both the cases, it is observed that the water table at the ground
surface is more prone to the phenomena and the necessary measures to the boreholes
should be applied to reduce the effect.
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Fig. 3 CSR, CRR with the depth for all the sites when water table is at 5 m and magnitude of
earthquake (M = 7.0)

Fig. 4 CSR, CRR variation with the depth for all the sites when water table at ground surface and
magnitude of earthquake (M = 7.0)
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6 Effect of Magnitude Scaling Factor on Factor of Safety

In this leg of the project, the effect of the magnitude scaling factor on the liquefaction
potential site was observed which are depicted as shown. Here the MSF is given as
form the basis for the estimation of the effect of it on the F.O.S and water table
situated at 5 m beneath the ground level. After analyzing it, we can conclude that
when the magnitude of 7 and 6 is taken, there is hardly any change in the factor of
safety. Therefore, we can also infer if we safeguard the site the extent of liquefaction
for a site in which the magnitude of earthquake is relatively on the high side then
the same site would be protected against the liquefaction even when the magnitude
is relatively lower in case it was calculated earlier (Fig. 5).

It forms the basis for the estimation of the effect of it on the factor of safety. The
water table at 5m depth was located. It can be observed that BH-7 is most liquefiable,
while BH-2 is least liquefiable. Various ground improvement techniques would be of
paramount importance of the site consisting of BH-7 to make it the normal working
as well as sustainable condition for the numerous construction processes.

MSF = 102.24

M2.56
W

(4)

In Fig. 6a, it can be inferred that with the decrease in the magnitude of the earth-
quake as shown in the graph the value of CRR increases by which the value of the
factor of safety will increase enabling it to less prone to liquefaction. The similar

Fig. 5 FOS versus depth at all the sites (at M = 6.0 and WT 5.0 m)
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(a) CRR Vs Depth for BH-01 (b) FOS Vs Depth for BH-02
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Fig. 6 Effect of magnitude on liquefaction potential of sites (WT = 5)

trend was observed with the remaining of the bore log data in which we can conclude
that at lower magnitude of earthquake there would be less possibility of the soil vul-
nerable to liquefaction. Whereas in Fig. 6b, it was observed that with the increase in
the magnitude of the earthquake the factor of safety decreases.

7 Effect of Acceleration on Liquefaction Potential

In the last leg of the project, the effect of acceleration on the liquefaction potential
was observed. The peak ground acceleration was taken into consideration in the
excel program from where the graph was generated. The peak ground acceleration
depends upon the zone in which the region belongs. Consequently, in order to make
the project universal, we went beyond the scope of the Noida region to analyze the
effect of the acceleration onto the factor of safety which governs the liquefaction
potential. Here a generalized approach is made effect here. Here the water table is
considered at a depth of the 5 m below the ground surface.

From Fig. 7a, it was observed with the increase in the peak ground acceleration
the value of CSR increases, and this similar trend was followed by all the remaining
bore log sites. The peak ground acceleration is a function of CSR while calculating
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(a) CSR Vs Depth at BH (b) F.O.S Vs Depth at BH
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Fig. 7 Effect of acceleration (g) on liquefaction potential of sites (WT = 5.0)

CSR. While in Fig. 7b, we can conclude that with the increase in the peak ground
acceleration the value of the factor of safety decreases significantly as shown in the
graph which can be inferred from the fact that at higher peak ground acceleration the
soil is more susceptible to liquefaction and vice versa. This trend was observed for
all the bore log site. While it was also observed that for seismic zone IV, the value
is taken as 0.24g, and for other boreholes, different PGA values are considered as
shown in Fig. 7.

8 Conclusions

It was observed that the soil is susceptible to the phenomena depends upon the
historical liquefaction pertinent to it as well on the geotechnical and geological
characteristics.Our study engulfs the area of sector 62 toKnowledgeParkVdepicting
nine boreholes data. In the study, SPT test was primarily done for the calculation of
the coefficients to amount the degree of liquefaction. Some of the boreholes were
prone to liquefaction and the initiation of the ground improvement techniques can
be done such as the use of vertical drains or dewatering or the construction of the
deep foundation.

• The factor of safety is dependent upon the geotechnical characteristics [9] and the
intensity of earthquake; therefore, each borehole shows unique variation. While
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for some the ratio is less than 1, therefore ground improvement technique should
be applied to them.

• The F.O.S for entire sites vary as per CSR and CRR values, when the water table
is close to the ground chances of liquefaction increases dramatically.

• The liquefaction occurs at all the boreholes but is not linear, some range of depth are
free from liquefaction. It was observed that liquefaction of the boreholes enables
for depths closer to the ground.

• The investigations specify that there is the presence of liquefaction at most of the
bore log site in themeasured depth when the water table at the ground and in actual
field condition.

• Since the water table is located at shallow depths, there is the presence of peak
earth acceleration values in the presence of silt and sandy soils.

• While in the bore log sites, it was predominantly observed with the increase in the
magnitude of the earthquake the factor of safety decreases. MSF is a function of
CRR and both of them shows inversely proportional behavior.

• It was observed that water table at ground level is more prone to liquefaction as
compared to actual water condition.
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Pseudo-dynamic Approach to Quantify
the Effect of Vertical Seismic
Acceleration on Reinforced Retaining
Wall for c-φ Soil Backfill

Ashish Gupta and Vishwas A. Sawant

Abstract The analysis of reinforced retaining walls in earthquake-prone regions is
mostly performed by using the pseudo-static and pseudo-dynamic approaches for
cohesionless soil backfill. For c-φ soil backfill, most of the researchers had used the
pseudo-static approach to analyse the reinforced retaining walls situated in seismic
regions those are still limited for the case of a pseudo-dynamic approach. In most
of the earlier studies those had used pseudo-dynamic approach, vertical seismic
acceleration was also not considered. The current study reflects a pseudo-dynamic
approach to analyse the reinforced retaining walls in earthquake condition consider-
ing the propagation of primary and shear waves. Vertical seismic coefficients are also
taken in the present study. A simplified formulation has been also presented here to
obtain the maximum strength of reinforcements, critical angle of failure wedge and
safety factor to analyse the reinforced retaining walls in earthquake condition. The
effect of vertical seismic coefficients alongwith the soil cohesion, soil–wall adhesion
and horizontal seismic coefficient on the maximum strength of reinforcements and
safety factor has been carried out. For cohesionless backfill, numerical predictions
are in good contract when compared with the existing studies for validation purpose.

Keywords Pseudo-dynamic approach · Maximum strength of coefficient ·
Cohesion · Adhesion · Horizontal and vertical seismic coefficient · Safety factor

1 Introduction

It is seen earlier that many historic earthquakes have caused permanent deformation
of various concrete retaining walls. Sometimes, these deformations were very small,
and sometimes the concrete retaining walls have collapsed during earthquakes. To
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support the soil backfills in various civil infrastructure projects, reinforced retain-
ing (RR) walls have been used as the alternatives to conventional concrete retaining
walls. Soil reinforcement has become extensively used earthwork construction tech-
nique due to its technical and economical advantages. Mononobe [1] and Okabe [2]
did the pioneer work to determine the seismic earth pressure by the pseudo-static
method without considering the time-dependent effect. Time-dependent effect was
then incorporated by Steedman and Zeng [3] for analysing the retaining walls under
earthquake condition, which is further known as pseudo-dynamic (PD) method. The
only drawback of this study was the consideration of finite shear waves in soil back-
fill. Nimbalkar et al. [4] and Choudhury et al. [5] then improve the PD method
incorporated by Steedman and Zeng [3]. Propagation of primary and shear waves
is considered to act within the soil medium. Nimbalkar et al. [4], Choudhury et al.
[5] and Reddy et al. [6] also studied the reinforced soil–wall considering PD method
for cohesionless soil backfill. Ghanbari and Ahmadabadi [7] proposed PD approach
considering horizontal slicemethod to analyse the RRwalls under seismic conditions
for c-φ soil backfill. Effect of vertical seismic coefficient was not taken in this study.
Tafreshi and Rahimi [8] had noticed the effect of vertical seismic coefficient using
PD approach to analyse the RR wall subjected to seismic loads for cohesionless soil
backfill. Most of the literature presented in this study had not considered the effect
of vertical seismic acceleration.

In the current study, a simplified limit equilibrium method has been taken to
analyse the RR wall for c-φ soil backfill using PD method. Propagation of primary
and shear waves has been taken to act within the soil. Vertical seismic coefficient
is also taken in the present study. A parametric study showing the effect of vertical
seismic acceleration along with the effect of cohesion and adhesion has been also
reported in the present study.

2 Methodology

Figure 1 shows the RR wall system of height H. The retaining wall retained the soil
backfill of cohesion c and soil friction angle φ, having unit weight γ . Reinforced
retaining wall system is having n number of planar reinforcement of length Lr.
Reinforcement layers are having the spacing Sv = H/n except the reinforcements
provided in the top and bottom. In the top and bottom, 0.5 Sv spacing is provided. On
the base of wall, seismic acceleration is subjected in horizontal and vertical direction
as ah = kh.g and av = kv.g, where kh and kv are the seismic coefficients in their
respective direction. When the direction of kv is upward, its value is assumed as
positive. Failure plane AB is assumed as linear, which makes an angle α with the
horizontal axis.

Various forces in the wedge ABC are shown in Fig. 2. The resultant of shear and
normal force acting on this wedge is F. Shear and primary wave velocities are V s

and V p. Ratio V p/V s = 1.87 is taken as given in most of the literature [4, 5]. The
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Fig. 1 Reinforced retaining (RR) wall system

Fig. 2 Forces on the failure wedge ABC under seismic condition

analysis consists of the period of lateral shaking T = (2π /ω), where ω is the angular
frequency.

2.1 Tensile Force Generated in the Reinforcement

For stabilizing the RR wall,
∑n

i=1 Ti required a sum of the tensile forces, where
Ti is the tension generated in the ith layer of reinforcement. Considering, dynamic
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equilibrium of forces on RR wall system in horizontal and vertical directions and∑n
i=1 Ti can be expressed as:

n∑

i=1

Ti =
[ {W − Qv(t)} tan(α − φ) + Qh(t)

−cH{tan(α − φ) + cot α} − caH tan(α − φ)

]

(1)

Total weight of the assumed failure wedge ABC is W = 0.5γ H 2 cot α. The
required strength of reinforcement (K) can be stated as:

K =
∑n

i=1 Ti
0.5γ H 2

=
[
tan(α − φ)

{
cot α − Qv(t)

0.5γ H 2 − c ∗ (1 − af)
}

+ Qh(t)
0.5γ H 2 − c ∗ cot α

]

(2)

where af = ca/c and c∗ = 2c
γ H .

2.2 Pseudo-dynamic Inertia Forces

At depth z, consider a small element of thickness dz with mass m(z) = γ

g
(H−z)
tan α

dz.
The seismic accelerations in horizontal and vertical directions at depth z and time t
can be obtained as:

ah(z, t) = khg sinω

(

t − H − z

Vs

)

(3a)

av(z, t) = kvg sinω

(

t − H − z

Vp

)

(3b)

Total inertia force in horizontal direction, Qh(t), can be derived as:

Qh(t) =
H∫

0

m(z)ah(z, t) = γ kh
tan α

(I ) (4)

Assuming,

λ = T Vs; ζ =
(

t − H

Vs

)

; η = T Vp;ψ =
(

t − H

Vp

)

;

θλ = 2π

(
t

T
− H

λ

)

; θη = 2π

(
t

T
− H

η

)

and θt = 2π
t

T

I = λ

4π2
[2πH cosωζ + λ(sinωζ − sinωt)] (5)

On simplifying Eq. (4), Qh(t) can be obtained as:
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Qh(t) = γ kh
4π3H tan α

[
2π2H 2λ cos θλ + πHλ2{sin θλ − sin θt }

]
(6)

Similarly, total inertia force in vertical direction, Qv(t), can be stated as:

Qv(t) = γ kv
4π3H tan α

[
2π2H 2η cos θη + πHη2

{
sin θη − sin θt

}]
(7)

On substituting Qh(t) and Qv(t) in Eq. (2), K can be obtained as:

K = 1

tan α

⎡

⎢
⎢
⎢
⎢
⎢
⎣

tan(α − φ){1 − c ∗ (1 − af) tan α} − c∗
+ λkh

2π3H 3

{
2π2H 2 cos θλ + πHλ sin θλ

−πHλ sin θt

}

− ηkv tan(α−φ)

2π3H 3

{
2π2H 2 cos θη + πHη sin θη

−πHη sin θt

}

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(8)

2.3 Safety Factor, SF

On applying the load in the reinforced retaining wall system, the reinforcement
axially pulled out, which causes shear resistance, and the tension fully mobilized in
reinforcement layers. Hence,

∑n
i=1 ti can be obtained as:

n∑

i=1

ti =
n∑

i=1

2(1 + kv)γ Hi Li tan φr (9)

Using,

Hi = (i − 0.5)Sv; Sv = H/n; Li = L r − (H − Hi ) cot αcri and φr = 2φ/3

In which φr is internal friction angle between soil and reinforcement. For the ith
layer, Hi is the depth of embedment, Li is the effective length and ti is the tensile
force mobilized.

n∑

i=1

ti = γ Sv tan φr(1 + kv)

[

n2(L r − H cot αcri) + cot αcriSv

(
4n3 − n

6

)]

(10)

Hence, the safety factor can be expressed as:

SF =
(

n∑

i=1

ti

)

/

(
n∑

i=1

Ti

)

(11)
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Table 1 Variation of parameters taken in the present study

S. No. Description Values are taken

1 Unit weight of soil backfill (γ ) 18 kN/m3

2 The height of retaining wall (H) 5 m

3 Shear wave velocity (VS) 100 m/s

4 Primary wave velocity (VP) 187 m/s

5 Time period of lateral shaking (T ) 0.3 s

6 Soil friction angle (φ) 30°

7 Horizontal seismic coefficient (kh) 0.0, 0.1, 0.2 and 0.3

8 Ratio (kv/kh) −1.0, −0.5, −0.25, 0.0, 0.25, 0.50 and 1.0

3 Results and Discussion

In the present study, required maximum strength of reinforcement and safety factor
are presented for varying values of kh for different kv/kh values. A parametric study
has been performed to quantify the effect of kv to analyse RR wall under seismic
condition. Variation of parameters considered is reported in Table 1.

3.1 Required Maximum Strength of Reinforcement, Kmax

Figure 3a–d shows the variation in required maximum strength of reinforcement
Kmax with kh varying from 0.0 to 0.3 for different kv/kh varied as −1.0, −0.50,
−0.25, 0.0, 0.25, 0.50 and 1.0. The variation of Kmax is shown for the values of
(a) c = 0.0 and af = 0.0; (b) c = 10 kPa and af = 0.0; (c) c = 10 kPa and
af = 0.25; and (d) c = 10 kPa and af = 1.0. It is clearly shown in Fig. 3a–d
that the Kmax value increases as the values of kh increase from 0.0 to 0.3. When
the ratio of kv/kh moves from its negative values to the positive values, the value
of Kmax increases continuously. It can also notice the more effect of the ratio of
kv/kh from (−1.0 to −0.5) and (0.5 to 1.0) on the values of Kmax. Effect of cohesion
of soil and adhesion of soil–wall on the values of Kmax also can be obtained from
Fig. 3a–d. For the cohesive soil backfill without considering the value of soil–wall
adhesion, the value ofKmax decreases considerably, when comparing theKmax values
for the cohesionless soil backfill.

For the cohesionless soil backfill without taking the soil–wall adhesion, when the
ratio of kv/kh moves from its negative value (as−1.0) to the positive value (as+1.0),
the value of Kmax increases by 27.5% (kh = 0.2) and 26.1% (kh = 0.3). For the same
set, when the kh value is increased from 0.2 to 0.3, Kmax increases by 22.31% (kv/kh
= −1.0) and 20.97% (kv/kh = 1.0).

For the cohesive soil backfill (c = 10 kPa) without taking the soil–wall adhesion,
onmoving the ratio of kv/kh from−1.0 to+1.0, the value ofKmax increases by 81.2%
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Fig. 3 Kmax with kh for different kv/kh for a c = 0.0 and af = 0.0,b c = 10 kPa and af = 0.0,
c c = 10 kPa and af = 0.25 and d c = 10 kPa and af = 1.0
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Fig. 3 (continued)

(kh = 0.2) and 82.1% (kh = 0.3). For the same set, when the kh value is increased
from 0.2 to 0.3, Kmax increases by 38.6% (kv/kh = −1.0) and 39.3% (kv/kh = 1.0).

For c = 10 kPa and af = 1.0, Kmax increases by 46.7% (kh = 0.2) and 63%
(kh = 0.3), when kv/kh varies from −1.0 to 1.0. The value of Kmax increases by
10.5 and 10.1%, respectively, for kv/kh = −1.0 and 1.0, when kh varies from 0.2 to
0.3.

3.2 Safety Factor, SF

The variation in safety factor, SF, with kh is shown in Fig. 4a–d. The value of kh is
varying from 0.0 to 0.3 for different kv/kh varied as −1.0, −0.50, −0.25, 0.0, 0.25,
0.50 and 1.0.

Four sets (c = 0.0 and af = 0.0; c = 10 kPa and af = 0.0; c = 10 kPa and
af = 0.25; and c = 10 kPa and af = 1.0) of cohesion and soil–wall adhesion
values are taken to quantify the effect of vertical seismic coefficient as well as
the effect of cohesion of soil and soil–wall adhesion. The behaviour is very evi-
dent that the SF values decrease as the values of kh increase from 0.0 to 0.3,
which can be noticed from Fig. 4a–d. As the ratio of kv/kh changes from its neg-
ative values to the positive values, the value of SF decreases constantly, except
the more change is noticeable when kv/kh moves from −1.0 to −0.5 value. From
Fig. 4a–d, the consequence of cohesion and adhesion values on the values of SF
can be significantly noticed. It can also notice the significant increase in SF when
cohesionless soil is replaced with the cohesive soil without considering the wall
adhesion.

For c and af equal to 0.0, SF decreases by 74.9% (kh = 0.2) and 32.7% (kh =
0.3), when kv/kh changes from −1.0 to 1.0 value. The value of SF decreases by 96.8
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Fig. 4 Safety factor, SF with kh for different kv/kh for a c = 0.0 and af = 0.0, b c = 10 kPa and
af = 0.0, c c = 10 kPa and af = 0.25 and d c = 10 kPa and af = 1.0
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Fig. 4 (continued)

and 49.4%, when kh value is increased from 0.2 to 0.3 for kv/kh equals to −1.0 and
1.0, respectively.

Considering c = 10 kPa and af = 0.0, SF decreases by 163.3 and 200.3% (kh =
0.2 and 0.3) for kv/kh changes from −1.0 to 1.0 value. The value of SF decreases
comparatively lower as 46.7 and 67.3% for kv/kh equals to−1.0 and 1.0 (for kh value
varies from 0.2 to 0.3).

Taking c = 10 kPa and af = 1.0, SF decreases by 46.7 and 63% (for kh = 0.2 and
0.3; kv/kh varies from −1.0 to 1.0). For kh value varies from 0.2 to 0.3, the value of
SF decreases by 23.5 and 47.6% (kv/kh equals to −1.0 and 1.0, respectively).

3.3 Validation of the Present Work

Kmax and critical inclination of the failure angle (αcri) have been compared with [7]
as shown in Table 2. The results of K and αcri obtained from the present study show
a good agreement.

4 Conclusions

In the available literature, very limited solutions to analyse the reinforced retain-
ing walls under seismic conditions are available considering c-φ soil backfills. The
present formulation provides a solution in simplest form to analyse the reinforced
retaining walls for calculating the required strength of reinforcements and safety
factor under seismic loading condition. The main conclusions are as follows:
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Table 2 Comparisonbetween results obtained from the present studybyGhanbari andAhmadabadi
[7] for the case of (kv = 0, kh = 0.2, δ = 0, c = 0, φ = 30°, γ = 20 kN/m3, T = 0.2 s, V s = 150 m/s
and Vp = 1.87V s)

Time t (s) 0.0 0.02 0.04 0.08 0.10 0.12

K for (H = 3 m)

Present method 0.29 0.36 0.43 0.45 0.38 0.31

Ghanbari and Ahmadabadi [7] 0.29 0.36 0.43 0.45 0.38 0.31

αcri (°) for (H = 3 m)

Present method 63.2 58.2 52.8 51.4 56.3 61.7

Ghanbari and Ahmadabadi [7] 62.5 58.2 54 53 57 61.8

• Required maximum strength of reinforcement Kmax increases with a significant
value increasing in kh values for higher values of kv/kh (for more than 0.5 value).

• Required maximum strength of reinforcement Kmax increases considerably with
increase in kh. For kh value greater than 0.15, the effect is more prominent.

• Safety factor decreases very fast for the smaller values of kh (less than or equal to
0.15) for both, cohesionless and cohesive soil backfill with or without considering
the soil–wall adhesion.

• Effect of cohesion value is very significant for the design of reinforced retaining
wall, which is clearly noticed in the present work.
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Effect of Slope Angle and Edge Distance
on Laterally Loaded Flexible Pile
Embedded in Sandy Ground

Bhishm Singh Khati and Vishwas A. Sawant

Abstract There are many circumstances in which piles have to be provided on
slopes. The present study involves laboratory model tests to explore single pile
response for varies gradients of soil slopes. The experimental study was carried
out on level ground and two different slopes (1V:1.5H) and (1V:2H). A relative den-
sity of 25% was achieved after pile installation. Pile length-to-diameter ratio is 30.
The study examines the effect of edge distance, s, from the crest of slope on lateral
pile capacity by varying (s/D = 0.0, 6.0 and 12.0). For different edge distance to
pile diameter ratio (s/D) values, lateral pile capacity, maximum bending moment
and lateral displacement are determined. It is established that lateral load capacity
reduced significantly changing ground surface profile from horizontal to slope. Sig-
nificant increase in lateral load capacity was observed with increase in pile distance
from crest of slope. The maximum bending moments increase significantly with a
decrease in distance of pile from the slope crest, when compared with horizontal
ground.

Keywords Aluminium pile · Lateral load · Sloping ground · Edge distance ·
Lateral pile capacity

1 Introduction

When shallow foundations lead to unsatisfactorily low value of the factor of safety
against shear failure or excessive settlement, pile foundations are the best replacement
of shallow foundation. Piles are often subjected to axial loads, lateral loads and
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moments. Further, there are many circumstances in which piles have to be provided
near slopes. This in turn adversely reduces the lateral load capacity offered by the
soil because of the reduction in confining pressure coming from surrounding soil.
The capacity of pile foundation placed in the direction of slope reduces drastically in
comparison to pile foundations that are laid on horizontal ground surface. Depending
upon structure types and type of supporting piles, different causes are there to produce
the lateral forces. The major causes of the development of the lateral forces are wind
gusts, water current, waves and earthquake. During earthquakes, the shaking of the
level ground develops the horizontal forces that the piles have to endure. Vehicle
and wind movement are the major causes of the horizontal force generation in the
bridge abutments and piers. Water pressure transfers the horizontal forces on the
supporting piles in the dam structure. In all these cases, the reason for major failure
is the development of the lateral forces, those acts in the supporting structures. Piles
are mostly used to resist the pressure exerted by the soil mass behind retaining wall
system, which is one of the major causes in the case of earth retaining structures. To
support open excavations, no axial force is resisted by the piles. In that case, only
role of the piles is to resist lateral forces. So in many circumstances, the external
horizontal loads act at the pile top.

Mezazigh and Levacher [1] investigated the effect of edge distance in the sloping
ground. The reported edge distanceswere 8B (B is diameter of pile) (for slope 1H:2V )
and 12B (for slope 1H:1.5V ). For the different sloping ground with different relative
density,Muthukkumaran et al. [2, 3] had reported the effect of surcharge load on pile.
With the obtained results for the different sloping ground condition, p–y curves were
also developed. Muthukkumaran and Begum [4] extended the experimental study
to report the effect of embedment length of pile along with the development of p–y
curves.

Buildings in many hill regions may be supported on pile foundations considering
stability of slope into consideration. The piles near slopes are subjected to lateral
loads fromsuperstructure andunbalanced earth pressurewhich aremore predominant
than vertical loads. Limited experimental studies have been carried out to analyse the
behaviour of pile subjected to the horizontal load near slopes. Very few studies have
considered the effect of pile distance from slope crest and slope gradient on lateral
pile load capacity. In the present study, experimentalmodel tests have been conducted
in laboratory to investigate pile response for various gradients of soil slopes. Initial
experiments were carried out on levelled ground condition. Then to determine the
effect of sloping ground, two different slopes are used. In this parametric study, the
effect of edge distance on pile response to lateral load was examined. A comparison
was made with pile response in levelled ground condition to highlight the effect of
ground slope.
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Table 1 a Physical
properties of soil. b Pile
performance according to
Matlock and Reese [5]

(a)

Parameters Values

Specific gravity (Gs) 2.60

Percentage of fine sand 96.7%

IS classification SP

Effective diameter, D10 (mm) 0.11

Uniformity coefficient, Cu 2.73

Curvature coefficient, Cc 1.60

Minimum density, ρmin
(g/cm3)

1.40

Maximum density, ρmax
(g/cm3)

1.59

Maximum void ratio, emax 0.86

Minimum void ratio, emin 0.64

Loose sand ρ = 1.44 g/cc, Dr = 25%, φ
= 34.5°

(b)

Dr (%) ηh (Soil) MN/m3 T (mm) L/T Remarks

25 2.5 165.46 4.53 Long
pile

2 Experimental Procedure

Proposedwork is aimed to be carried in a concrete tank of dimensions 2.5m× 1.22m
× 1.12 m. The experimental set-up, i.e. the cable and pulley arrangement to provide
lateral load on the embedded piles, is shown in Fig. 1a. Apparatus of the test includes
a loading frame connected by a pulley, LVDT, strain gauges, data acquisition system
and computer which are shown in Fig. 1b. The schematic diagram of the model test
pile along with the position of strain gauges is shown in Fig. 1c. The test is conducted
on river sand in dry condition. Physical properties of dry sand are shown in Table 1a.
The values of coefficient of horizontal subgrade reaction ηh, characteristic length of
pile T and L/T ratio are reported in Table 1b. It is to be noted that the length of model
pile L is equal or greater than 4T, referring to as long flexible pile [5].
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Aluminium Pile

Wire Connection

Strain Gauge

(a)

(b)

(c)

Fig. 1 a Concrete tank used for experiments in laboratory. b Actual laboratory set-up for sloping
ground. c Pile instrumentation by strain gauges and wires
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3 Results and Discussion

Pile is instrumentedwith electric resistance strain gauges formeasurement ofmoment
along the pile.With the increase of lateral load, strain value increases. For a particular
load, the maximum value of micro-strain is obtained at the strain gauge located at a
depth of 3L/8 or 4L/8 as shown in Fig. 2.

At the ground level, the value of applied lateral load and the respective displace-
ment has been noted for each load increment. Figure 3a, b displays the typical hori-
zontal load–displacement curves for various s/D ratios for both the slopes. Figure 3a,
b showsclearly the effect of variation ingroundcondition from level to slopingground
and edge distance on pile lateral load capacity. The corresponding lateral pile capac-
ity expressively reduced. The reduction of pile load capacity is due to the decrease
in passive resistance of the soil in front of the pile. This results in the maximum
displacement in the pile. However, the displacement is significantly reduced and the
lateral pile capacity (LPC) is observed to increase with the increase of edge distance
from the crest of slope. With a shift in pile from crest, passive resistance increase
with edge distance. Pile tests have been carried out for 1V:1.5H slope (Dr = 25%).
On exceeding the lateral displacement of the pile 5 mm, the slope (1V:1.5H) crest
has started to yield. Usually, the displacement-based criterion is adopted to estimate
the ultimate load from load–displacement response observed in the pile load test.
The permissible value can be fixed based on the tolerance level of the pile-supported
structure. In the absence of specific criterion, the crucial load is taken at the capacity
reported for the displacement of 20% of the pile dia, which is 5 mm in the present
study [6].

Table 2 summarizes variation in lateral pile capacity ratio with edge distance
respect to level ground. For level ground, ultimate lateral pile capacity is 56.14 N.
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Fig. 3 a Effect of edge distance for slope 1V:1.5H. b Effect of edge distance for slope 1V:2H

Table 2 Variation in lateral pile capacity ratios

Slope LPC in level ground (N) LPC ratio with edge distance (s/D)

0 6 12

1V:1.5H 56.14 0.49 0.78 0.97

1V:2H 0.78 0.94 0.99
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Fig. 4 a Bending moment versus depth for horizontal ground. b Variation in BMmax along the
depth of pile for slope 1V:1.5H (s/D = 0). c BMmax versus depth for slope 1V:1.5H. d BMmax
versus depth for slope 1V:2H. e BMmax versus depth for different slope and s/D = 0
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Fig. 4 (continued)

Lateral pile capacity ratio about 0.49 is observed for the slope 1V:1.5H, and location
of pile is at crest of slope. This value is increased with an increase of edge distance.
For s/D = 12, lateral pile capacity ratio is 0.97. For the same edge distance, the
lateral pile capacity ratio is increased from 0.78 to 0.99 for the slope 1V:2H. As piles
are moving away from crest, pile top displacement is decreasing at the same applied
lateral load. It can be seen that for slope 1V:2H, load–displacement curve for the
case of edge distance s/D = 12 is very close to horizontal response.

At the different locations of the strain gauges with the help of data logger, the
bending moment values can be obtained by the strain measurement. The moment
distribution along the pile shafts is shown against depth of pile. Shape of the bending
moment distribution was noticed almost same value in all the cases. It is also noticed
from Fig. 4a that BMmax increases with increase in the applied lateral load. The
variation of BMmax magnitude for sloping (1V:1.5H and s/D = 0) ground surface
is shown in Fig. 4b. The BMmax also decreases substantially with an increase in
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the distance of pile from crest of slope as observed in Fig. 4c, d. It is clear that
BMmax location moves downward as the pile moves towards crest of slope. Effect
of ground slope on bending moments is compared in Fig. 4e with moments in level
ground. From the discussed variations, BMmax of the pile as well as the depth of their
occurrence (depth of fixity) noticed the considerable rise on increase in the ground
slope. This happens generally due to the decrease of passive mass in the slopes,
which results in the transfer of lateral load up to a deeper depth.

4 Conclusions

Present laboratory-based experimental study demonstrates the performance of a sin-
gle pile mounted at a certain distance away from slope crest which is subjected to the
horizontal load. The influence of sloping ground and edge distances on the lateral
pile capacity, lateral displacement and BMmax along the pile is also reported in the
present study. From the results obtained from the model pile laboratory tests, the
following conclusions are drawn:

• When the distance of pile from slope crest increases, lateral displacement notice-
ably reduces, whereas pile load capacity increases.

• On changing ground condition from horizontal to sloped, the LPC reduces con-
siderably. For the same changes in ground, i.e. from horizontal to sloped at the
position of slope crest (s/D), the lateral pile capacity ratio reduces from 0.78 (for
1V:2H) and 0.49 (for 1V:1.5H). From the study, it has been observed that the slope
effect is insignificant when the pile placed after 12D distance from the crest of
slope.

• BMmax increases greatly with a decrease in distance of pile from the slope crest
when compared with the horizontal ground.

• BMmax also increases significantly with increase in ground slope when compared
with the horizontal ground. For pile at crest position increase is in the order of
36.11% and 69.18% (for slopes 1V:2H and 1V:1.5H individually).
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The Development of a New Low Carbon
Binder for Construction
as an Alternative to Cement

Ali Abdulhussein Shubbar , Monower Sadique ,
Hayder Kamil Shanbara and Khalid Hashim

Abstract The demand on cement in the construction industry has increased sig-
nificantly due to the growth of industrial sectors. However, as the cement industry
contributes to the emissions of 6–8% of CO2 into the atmosphere, it becomes essen-
tial to develop alternative materials to reduce the usage of cement. This research aims
at developing a new low carbon binder completely from waste materials to be used
in construction industry. The performance of four different alkali-activated binary
blended mortars made from ground-granulated blast-furnace slag (GGBS) and high-
calcium fly ash (HCFA) was assessed using compressive strength test. The results
indicated that the mixture made from (60% GGBS: 40% HCFA) and activated by
sodium hydroxide (NaOH) with concentration of 4M and sodium silicate (Na2SiO3)
solutions together with a Na2SiO3/NaOH ratio of 2 showed a comparable behaviour
to the cement with a compressive strength of 39.8 MPa after 28 days of air curing.
The findings in this study announced on the development of promising binder that
can be used in different construction sectors as an alternative to cement and help in
reducing the negative environmental impacts of cement industry.

Keywords Alkali-activated · Compressive strength · Ground-granulated
blast-furnace slag · High-calcium fly ash · Low carbon binder

1 Introduction

Cement is the secondmost usedmaterial afterwater around theworld as it can be used
for all of the construction industry such as buildings, bridges, roads. The production
of cement is responsible for almost 6–8% of all the CO2 emissions worldwide [1].
This is because the production of one tonne of cement is associated with about one-
tonne CO2 emissions into the atmosphere, consumes around 5.6 GJ of energy and
requires approximately 1.5 tonnes of rawmaterials [2]. Theworld cement production
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in 2015was approximately 4.6 billion tonnes, and this number is expected to increase
and reach around 9 billion by 2050 as the world population is estimated to increase
from 6 to 9 billion [3, 4].

The UK government have set strict legislations with the aim of moving the UK
towards a low carbon economy and create a sustainable construction industry [5].
Therefore, looking for alternative materials, such as by-products and/or waste mate-
rials, to be used as cement replacement in construction industry might be an essential
attempt as a sustainable solution towards reducing cement production and achieving
an eco-friendly industry.

Extensive research has been carried out to fully or partially replace cement by
inventing new supplementary cementitious materials (SCMs). The use of such mate-
rials can improve the characteristics of the generated products and comply with the
strict environmental regulations.

Ground-granulated blast-furnace slag (GGBS) is a by-product material fromman-
ufacturing of steel which is one of the known viable alternatives materials to cement
in different applications [6]. The employment of GGBS in different applications as
an alternative to cement could help in reducing the cost of construction materials,
solve landfill problems and address many of the environmental problems associated
with cement production and slag despoiling [7, 8].

However, due to the expected reduction in iron consumption by industries, it
is expected that there will be a reduction in the availability of GGBS in sufficient
quantities to be used in the construction industry [9]. Therefore, there is a need for
other cheap waste materials that could be used to replace the cement in addition to
GGBS. High-calcium fly ash (HCFA), a waste material that is produced from the
burning process in local power plants, could be used as this additional wastematerial.

HCFA is classified as class C fly ash. It has pozzolanic properties along with
some self-cementing properties attributed to a high proportion of free lime [10, 11].
Therefore, HCFA is a promising material that could partially, or fully, replace the
cement in different applications. Sadique et al. [11] have shown that mortar made
by mixing 60% HCFA with 20% an alkali sulphate rich fly ash and 20% silica fume
has better compressive strength than cement after 28 days of curing. Jafer et al. [10]
found that HCFA could be used alone as a cement replacement in the stabilization
of soft soil providing better results than cement. In addition, Dulaimi et al. [12]
evidenced the efficacy of using HCFA as a filler in road construction.

This paper presents the results of the laboratory work to study the effect of com-
bining GGBS and HCFA to produce a novel low carbon binder to be used in the
construction industry as an alternative to cement.
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2 Materials and Methodology

2.1 Materials

2.1.1 Sand

The sand used in this research was 100% building sand passed through a 3.35-mm
IS sieve.

2.1.2 Cement

Ordinary Portland Cement (OPC)-type CEM-II/A/LL 32.5-N was used in this study.
CEMEX Quality Department, Warwickshire, UK, has supplied the cement for this
study.

2.1.3 Ground-Granulated Blast-Furnace Slag (GGBS)

The GGBS was provided by the Hanson Heidelberg Cement Group, Scunthorpe,
UK.

2.1.4 High-Calcium Fly Ash (HCFA)

HCFA is a waste material generated by power generation plants through combustion
between 850 and 1100 °C, using a fluidised bed combustion system.

2.1.5 Alkali Activators

Liquid sodium hydroxide (NaOH) was used with a concentration of 4M along with
sodium silicate solution (Na2SiO3) as the alkali activators in this research. Both alkali
activators were supplied by Fisher scientific.

2.2 Material’s Characterization

The following techniques were employed to characterize, analyse and evaluate the
raw materials.
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Fig. 1 Cumulative particle-size distribution of OPC, GGBS and HCFA

2.2.1 Particle-Size Distribution (PSD)

The PSD of raw materials were measured using a Beckman Coulter laser particle
size analyser. Figure 1 shows the PSD curves for the OPC, GGBS and HCFA as
obtained from the laser particle size analyser.

Figure 1 shows that GGBS has finer particles relative to the other materials. This
means that the GGBS has higher pozzolanic reactivity [13]. In contrast, HCFA has
larger particles relative to GGBS, which could retard the performance of the mortars
during hydration reactivity [10].

2.2.2 Energy-Dispersive X-ray Fluorescence (EDXRF) Spectrometer

The chemical compositions of OPC, GGBS and HCFA were analysed by an
energy-dispersive X-ray florescence spectrometer (EDXRF)-type Shimadzu EDX-
720. Table 1 shows the chemical composition of OPC, GGBS and HCFA.

2.2.3 Scanning Electron Microscopy (SEM) Testing

The SEM tests were conducted on each raw material to identify the general shape of
particles, thus helping to explain the performance of these materials during mixing.
The SEM images for the raw materials shown in Fig. 2 show that both OPC and
GGBS particles have an irregular shape and that OPC particles are coarser than
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Table 1 Chemical composition of OPC, GGBS and HCFA

Item (%) OPC GGBS HCFA

CaO 65.21 42.51 66.67

SiO2 24.56 41.06 25.12

Al2O3 1.70 5.12 2.38

Fe2O3 1.64 – 0.03

MgO 1.30 4.25 2.57

Na2O 1.34 3.09 1.72

K2O 0.82 0.69 0.31

SO3 2.62 1.27 0.26

TiO2 – 0.98 0.41

Fig. 2 SEM images of the raw materials

those of GGBS, this agreeing with the results of the PSD tests. HCFA can be deemed
as coagulated particles with a high number of voids.
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Table 2 Mixing proportions
of raw materials

Mix ID OPC (%) GGBS (%) HCFA (%)

R 100 0 0

M1 0 90 10

M2 0 80 20

M3 0 70 30

M4 0 60 40

2.3 Mixing Proportions and Testing Programme

2.3.1 Mixing Proportions

In this research, four mixtures with a different combination of GGBS and HCFA
were casted to produce binary blended alkali-activated binder along with a mixture
made with 100% OPC to be used as a reference for comparison purposes. Table 2
shows the mixing proportions of all the mixtures tested in this research. The binder-
to-sand ratio for all mixtures was fixed as 1:2, while the activator-to-binder (A/B)
ratios of the mixtures were adjusted in order to achieve a good workability for each
mixture [14]. The alkali activator was made by mixing sodium silicate and sodium
hydroxide solutions together with a Na2SiO3/NaOH weight ratio of 2.

2.3.2 Testing Programme

Compression testing was conducted in accordance with BS EN 196-1 [15]. Samples
of eachmixturewere tested at twodifferent curing periods: 7 and28days. The average
compressive strength value of four mortar specimens was prepared for each mix
proportions, and curing ages were taken to represent the final values for compressive
strength. The mixture made with 100% OPC was tested for comparison purposes.
The curing regime followed for the specimens made from GGBS and HCFA was air
curing at temperature of 20 ± 2 °C; however, the reference mixtures were cured by
placing them in water tank at 20 ± 2 °C.

3 Results and Discussion

The results of the compressive strength tests of all the mortars blended by mixing
GGBS andHCFA alongwith the referencemixturemadewith 100%OPC at different
ages of curing are shown in Fig. 3.

Figure 3 shows that the compressive strength values increased by increasing the
curingperiod for all curing conditions. Figure 3 also shows that for the alkali-activated
mortars, the compressive strength was decreased with increasing the HCFA content.
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Fig. 3 Compressive strength results of mortars made from different blends

This can be attributed to the increased activator-to-binder ratio that was required
to improve workability; increasing the percentage of HCFA increases the activator
demand in the mixes.

The 7 days’ compressive strength results indicated that the alkali activation of
the binary mixtures made from different blends of GGBS and HCFA was higher
than that for the reference mixture except the mixture with 40%HCFA that provided
about 94% of the control mixture compressive strength.

At the age of 28 days, the results showed that the blendsM1,M2 andM3 provided
superior compressive strength than the referencemixture by 34, 16 and 4%.However,
themixtureM4 has provided about 96%of the reference compressive strength. These
results are well in agreement with the results obtained by Shubbar et al. [16].

In this study, the mixture M4 with 60% GGBS and 40% HCFA was chosen as
the newly developed low carbon binder that can be used in the construction industry
as an alternative to cement. It had comparable compressive strength to that of the
control mixture, R, at the same time fully replaced the cement. Such a replacement
can contribute significantly to reduce the CO2 emissions of cement industry and
contributes to the management of wastes by consuming two industrial wastes to
produce an eco-friendly binder.

4 Conclusion

The aim of this research was to develop a new low carbon binder by fully replacing
the cement with GGBS and HCFA. According to the results of laboratory work, the
following conclusions have been drawn:

• Increasing the level of HCFA in the alkali-activated mortars led to increase the
activator demand of the mixtures.

• The results indicated that with increasing the curing time, the compressive strength
values increased for all curing conditions.
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• At all curing ages, increasing the content of HCFA in the mixtures reduced the
compressive strength of mortars.

• At all curing ages, the mixtures incorporating up to 30% HCFA have provided
better performance than the reference mixture made from 100% cement.

• The mixture with 60% GGBS and 40% HCFA has provided 94 and 96% of the
compressive strength of the control mixture after 7 days and 28 days of air curing,
respectively.

• The mixture M4 (60% GGBS: 40% HCFA) was chosen as the newly developed
low carbon binder that can be used in construction as a viable alternative to cement.
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Developing a Premium Cementitious
Filler Incorporating High Content
of Sewage Sludge Fly Ash

Manar Herez, Hassan Al-Nageim, Clare Harris and Linda Seton

Abstract Cold bituminous emulsion mixture (CBEM) is a sustainable replacement
to the conventional hot mix asphalt (HMA) due to environmental and safety issues
associated with the use of the latter. However, CBEM experiences some drawbacks
including long-term curing, low strength in the early days and high air voids con-
tent; thus, it needs from 2 to 24 months to reach its ultimate strength. Accordingly,
the applications for CBEMs have been limited to low- /medium-trafficked roads,
footways and reinstatements. This study aimed at developing a new cementitious
material incorporating a high volume of sewage sludge fly ash (SSFA) with low
ordinary portland cement (OPC) content and carbide lime waste (CLW), to replace
the traditional limestone filler in CBEM. A significant improvement has been shown
in the performance of the developed CBEM in terms of indirect tensile stiffness
modulus (ITSM) and microstructure analysis compared to the conventional CBEM
incorporating limestone filler. Furthermore, the developed mixture has being com-
parable to the mixtures including OPC and the conventional HMA. A considerable
alteration in the microstructure components over the curing ages has been devel-
oped, which is confirmed by the creation of cementitious hydration products using
scanning electron microscopy.
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1 Introduction

Cold bituminous emulsion mixture (CBEM) is considered to be a sustainable alter-
native to the conventional hot mix asphalt (HMA); because, there is no need for
heating materials [1]. Although CBEM has many economic and ecological impacts,
it is classified as a second class to the conventional HMA and the usage of the
bitumen emulsion in the UK is generally restricted to surface treatment and rein-
statement work on footways as well as low-trafficked highways [2]. This restriction
using CBEM as a structural layer in the UK attributes to insufficient strength during
the early life, long curing time due to the presence of water, and sensitivity to rainfall
which handicaps the curing process.

Due to the shortfalls associated the performance of CBEM, many attempts have
been implemented to upgrade its mechanical performance and make it comparable
to the HMA. Incorporating traditional cement is the most commonly used technique
to develop the performance of CBEM, which is resulting in producing sufficient
strength in a short time period [3]. Oruc et al. [4] have been examined the performance
of the asphalt emulsion mixture containing ordinary portland cement (OPC) in the
range of 0–6%. Their finding demonstrated that with high addition of OPC, the
properties of themixtures have been improved significantly. Their conclusionwas the
addition of OPC leads to increase the modulus significantly and reduce susceptibility
to temperature changes. Accordingly, they recommended to use the cement-treated
asphalt emulsion mixtures as a structural pavement layer.

However, the cement industry has large environmental impact and consumed
intensive energy. For instance, 5.6 GJ/ton energy and one and a half tons of raw
materials required to produce 1 ton of cement. The cement production process in
emissions about 0.9 tons of CO2 which representing 5% of total anthropogenic CO2

emissions [5].
With this in mind, several studies have been carried out to develop secondary

cementitious materials (SCMs) from waste and by-product materials to work as
replacements to the conventional limestone filler in the CBEM. The substitution of
limestonefiller in theCBEMsbyfly ash andOPChas been studied byAlNageimet al.
[6]. A considerable enhancement in the mechanical performance has been achieved
by the developed mixture compared to the conventional CBEM-incorporated lime-
stone filler and CBEM-incorporated OPC. The water sensitivity and characteristics
of cold rolled asphalt with filler comprising of cement and waste bottom ash (WBA)
have been studied by Al-Hdabi et al. [7]. Their conclusion was that using WBA as
an additive improves the mechanical characteristics in terms of strength, water sen-
sitivity, and uniaxial deformation test. Furthermore, fluid catalytic cracking catalyst
residue has been used as an activator to the fly ash to generate a new cementitious filler
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in CBEMs [8]. Using waste and by-product materials in CBEM contribute to sustain-
able development by decreasing the need for waste disposal and save raw materials.

Sewage treatment plants around theworld are producing huge quantities of sewage
sludge every day. According to that and in order to reuse sewage sludge in a ben-
eficial and economic way, many technologies have been developed which resulting
in control of the environmental impact caused by sewage sludge disposal. Several
studies have been investigated the usage of the incinerated residues of sewage sludge,
i.e. sewage sludge fly ash (SSFA) in different construction applications. Such appli-
cations include the use of SSFA in manufacturing lightweight aggregates [9], in
producing bricks and tiles [10], and in cement applications [11].

The usage of SSFA as an alternative to the cement or sand resulted in reducing
the compressive strength of mortars and concrete [12]. It is agreed that the strength
degradation of mortar does not affect when using a little amount of SSFA. Monzó
et al. [13] stated that the strength of mortars cured in water bath at temperature 40 °C
does not reduce when replaced cement by SSFA up to 30%. This could be referred to
as the low pozzolanic action of SSFA compared to some common pozzolans. Thus,
SSFA has not been fully accepted as a mineral additive to cement or concrete [14].
The literature roughly recommended to use SSFA as a cement component in the
amount of up to 10% of the cement added to concrete [11].

Therefore, this study is the first one aimed at developing a new secondary
cementitious material (SCM) incorporating high volume of SSFA, up to 70%, with
low cement content and activated by carbide lime waste (CLW). Accordingly, a
premium performance CBEM was developed using the developed cementitious
filler instead of the traditional filler (limestone), which could remove the restrictions
of the road engineers.

2 Materials

2.1 Mineral Aggregate

Carnsew Quarry located at Penryn, UK, supplied the author with coarse and fine-
crushed granite aggregate. Table 1 presents the physical properties for coarse and
fine aggregate along with the conventional limestone filler. Based on the standard BS
EN 13108-1 [15], AC 10-mm gradation surface course was selected for this study.
The aggregate gradation has shown in Fig. 1.

2.2 Bitumen Emulsion and Asphalt

In this study, the bitumen emulsion used for preparing the conventional and the
developed CBEMs was slow-setting cationic (C50B4) containing 50% residual
bitumen supplied by Jobling Purser, Newcastle, UK. This type of emulsion is
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Table 1 Granite aggregate characteristics

Item Characteristics Values

Coarse
aggregate

Bulk particle density, Mg/m3

Apparent particle density, Mg/m3

Water absorption, %

2.60
2.66
0.8

Fine aggregate Bulk particle density, Mg/m3

Apparent particle density, Mg/m3

Water absorption, %

2.52
2.58
1.6

Conventional
filler

Particle density, Mg/m3 2.64
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Fig. 1 AC-10 close-graded surface course gradation

recommended by many researchers such as Nikolaids [16] and Thanaya [17],
because it is highly stable and highly adhesive.

Hot asphalt mixtures with two types of asphalt grades 100/150 and 40/60 were
prepared for comparison purposes. Table 2 shows the characteristics of the chosen
bitumen and bitumen emulsion.

2.3 Fillers

Sewage sludge fly ash (SSFA) was derived from an incinerator of the wastewater
treatment plant in the UK. Flue gas desulphurisation gypsum (FGD) was collected
from a coal-fired power station and used as a grinding aid for SSFA. Another by-
product material produced from industrial production of acetylene called carbide
lime waste (CLW), which is used as an activator for the binary blended filler.

The references mixtures were manufactured using 6% limestone fine filler and
6% OPC for the purpose of comparison.
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Table 2 Bitumen and bitumen emulsion characteristics

Material Property Value

Bitumen emulsion Type Cationic

Appearance Black-to-dark-brown liquid

Base bitumen, 1/10 mm 50

Content of bitumen, % 50

Boiling point, °C 100

Relative density at 15 °C, g/ml 1.07

Bitumen 40/60 Appearance Black

Penetration at 25 °C 49

Softening point, °C 51.5

Density at 25 °C 1.02

Bitumen 100/150 Appearance Black

Penetration at 25 °C 131

Softening point, °C 43.5

Density at 25 °C 1.05

3 Samples Preparation

Marshall method for emulsified asphalt aggregate cold mixture design (MS-14)
(Asphalt Institute [18] was adopted to prepare CBEMs). Different samples with dif-
ferent water contents (2.5, 3, 3.5, 4 and 4.5) % of the total aggregate were produced
to conduct the coating test. This test was used to identify the less pre-moistening
water content that achieving appropriate coating. Furthermore, optimum emulsion
content was specified using indirect tensile stiffness modulus (ITSM), whereas the
optimum content of total fluid during the compaction was indicated through density
test. Accordingly, 3% pre-moistening water content, 12.5% optimum bitumen emul-
sion content, and 15.32% optimum total fluid content at compaction were used to
prepare CBEMs.

Coarse aggregate, fine aggregate and mineral filler were mixed together with pre-
wetting water content at low speed of Hobart mixer for 1 min. With keep blending
for 2 min at the same speed, the bitumen emulsion content was poured progressively
during the next 30 s of blending. Soon after that, the mixture was cast in the mould
and directly compactedwith 50 blow/face of theMarshall’s hammer usingMarshall’s
compactor. Then, the samples were extruded from moulds after 24 h and left them
in the room temperature until the day of test.



www.manaraa.com

220 M. Herez et al.

4 Experimental Programme

4.1 Physical, Chemical and Mineralogical Analyses

In order to identify the similarity of the selected materials to OPC, the element com-
position of the materials under study was analysed using Shimadzu EDX 720 and
energy dispersive X-ray fluorescence spectrometer. This analysis helps in under-
standing their behaviour in the CBEM. The physical properties of the chosen filler
were studied in terms of particle-size distribution (PSD) using a Beckman Coulter
laser diffraction particle size analyser LS 13 320.

4.2 Indirect Tensile Stiffness Modulus (ITSM) Measurement

This test has been used by many researchers as an indicative test to rank CBEMs
[3, 8, 19, 20, 17]. Cooper Research Technology HYD-25 testingmachine, Fig. 2, was
used to carry out the stiffness measurements in accordance with the BS EN 12697-26
[21]. Table 3 summarises the test conditions summarised.

4.3 Scanning Electron Microscopy (SEM) Analysis

In this study, a high-resolution imaging technique was utilised to investigate the
microstructure of the newly developed cementitious material paste. SEM images
demonstrated the particle morphology and surface characterisation materials.
Quanta 200 scanning electron microscope was used to depicting images to the
materials under study.

Fig. 2 ITSM apparatus
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Table 3 Characteristics of
ITSM test [21]

Characteristics of test Ranges

Diameter of specimen 100 ± 3 (mm)

Rise time 124 ± 4 (ms)

No. of conditioning pulses 5

Loading time 3–300 (s)

Transient peak horizontal deformation 5 (µm)

Poisson’s ratio 0.35

No. of pulses 5

Temperature 20 ± 0.5 (°C)

Height of specimen 63 ± 3 (mm)

No. of blows (Marshall compactor) 50 blows/face

Time for temperature conditioning 4 h prior to test

5 Results and Discussion

5.1 XRF and PSD Analyses

The first stage of this study identified the physicochemical characteristics of the
selectedmineral filler which helps in evaluating their potential for developing cemen-
titiousmaterials. The chemical compositions for the conventional limestone filler and
OPC along with SSFA, FGD and CLW are summarised in Table 4. The chemical
analysis for of SSFA shows a significant silica content indicating pozzolanic reactive
material. FGD gypsum used as a sulphate activation and grinding agent for SSFA.
CLW has a high content of CaO which was used as a hydraulic activator for the

Table 4 Materials’ chemical
characteristics

Properties
(%)

LF OPC SSFA FGD WLS

pH 9.12 12.85 8.29 12.29 13.1

CaO 73.712 65.488 10.538 34.036 90.031

SiO2 16.937 27.862 30.233 14.409 15.939

Al2O3 0.029 2.247 3.071 – –

MgO 0.977 1.519 2.498 0.520 0.954

Fe2O3 – 1.856 15.236 – –

SO3 0.100 2.805 0.079 33.335 0.619

K2O 0.355 0.783 1.285 0.031 0.047

TiO2 0.194 0.434 1.189 0.107 0.162

Na2O 2.136 1.572 1.512 1.184 1.508
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new cementitious material. Figure 3 shows the overall particle-size distribution of
all materials under study.

Mechanical activation for SSFA has been adopted to reduce the particle size and
increase the surface area, hence increase the pozzolan reactivity. 5% FGDgypsum by
the total mass of the binder was added to the SSFA and grinded together for 20 min.
The PSD for SSFA after grinded with FGD has been shown in Fig. 4.

5.2 ITSM Performance

As this study is aiming at developing a newSCMwith high volumeof SSFA to be used
as substitution to the conventional LF filler in CBEMs, therefore the replacement of
the treated SSFA with OPC was selected to be 50, 40 and 30%. The performance of
the mixtures was compared with CMA-LF, CMA-OPC and HMA. It is obvious from
Fig. 5 that the ITSM of the tested samples decreased with the increase of percentage
of OPC substitution by SSFA. This could be referred to the low content of CaO
in the ash, which slows down the hydration process. However, the binary blended
filler (BBF) containing 70% treated SSFA and 30% OPC was selected for further
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development using CLW, because this mixture involving high percentage of SSFA as
well as still showing reasonable ITSM values compared to the conventional CBEM
with LF. Figure 6 shows the ITSM for CBEM with BBF with different curing ages
compared with references cold mixes with LF, and with OPC, and HMA.

CLW was added to the BBF in three percentages (0.5, 1 and 2%) as an additional
filler. This technique has been adopted by several researchers to improve the
performance of CBEM [22, 23]. Figure 7 reveals the effect of adding CLW on the
ITSM of BBF.

From the results, it is clear that the addition of 2% CLW as an extra filler plus the
BBF has been improved the performance of CBEM by 198.8% compared to the BBF
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after 3 days. The ITSM of the newly developed CBEM with ternary blended filler
(TRF), containing 6% BBF + 2% CLW, with different curing times and compared
with other reference mixtures has been shown in Fig. 8. It can be seen that the
CMA-TRF after 14 days has performed better than CMA-OPC and HMA.
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5.3 SEM Investigation

The SEM images for the TRB paste samples explain the reasons behind the improve-
ment in the performance of the developed mixture. Figure 9 shows the micrograph of
TRB paste after cured for 3 days and 28 days. It could be recognised a needle-shape
hydration product, namely ettringite that developed at the early ages (3 days). After
28 days, the reaction process has been continued to producemore ettringite as well as
the TRF particles’ surfaces had altered to C–S–H gel. Accordingly, CBEM including
TRF filler showed improvement in its properties.

6 Conclusions

The development of an eco-friendly cold asphalt mixture through developing a new
cementitious filler from waste materials has been identified as the aim of this study.
The investigation work included evaluation of the stiffness modulus which used as
an indicator to the performance of the mixtures, while morphological characteristics
were examined by SEM. The points below summarised the main conclusions:

1. The usage of SSFA in high volumes helps in reducing the impact on the environ-
ment.

2. CBEMincorporatingBBFand activated byCLWcan produce a fillerwith cemen-
titious properties that is convenient to substitute the limestone fine filler in CMA.

3. SEM explains the reasons behind the improvement in the performance of CBEM
containing the developed cementitious material by showing generated hydrated
products.

As CLW appears to be very promising activating material, it is recommended to
use this material for activating cement filler in asphalt mixture as future work.
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Characterising the Performance
of a Non-Portland Binder Using
Analytical Techniques

Monower Sadique and Hassan Al-Nageim

Abstract The development and production of new materials require advanced ana-
lytical characterisation to explain the relation between the physicochemical structure
of the material and its properties. Highly integrated microelectronic structure analy-
sis of surfaces with laser beams and x-ray fluorescence-aided devices is found to be
helpful for providing important information, including the interrelationships between
physical, chemical, mechanical and durability characteristics of the new developed
products. In most instances, no single technique provides all the needed information,
and hence, simultaneous application of several techniques becomes necessary. This
study was aimed for analysis, characterisation and evaluation of a new novel non-
Portland cementitious binder in anhydrous and hydrated states using XRD, FT-IR
and TG/DTA.

Keywords Non-Portland binder · FT-IR · TG/DTA

1 Introduction

One of the most significant current discussions in the construction sector is the
reduction of carbon emission from its production and application process. The sup-
plementary cementitious material (SCM) plays a key role in achieving this objective.
Different types of additions other than the standard listed materials such as calcined
clay, sewage sludge ash, rice husk ash, wood ash, sugar cane bagasse ash, corn cob
ash, kaolin waste, perlite, diatomite and air pollution control residue have been stud-
ied as SCM. Much of the research up to now has been concluded by activating the
additions with OPC and/or GGBS, and so far, there has been little discussion about
cement and GGBS free systems [1–10].
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Dramatic advancement has been achieved by using wet milled paper sludge ash
(PSA)withGGBS (PSA:GGBS, 50:50) in cement-free systems [11].However, atten-
tion should also be given concerning curing, reinforcement cover and carbonation
when the GGBS level is more than 50% [12]. Moreover, GGBS is no longer classi-
fied as a waste, and hence, there is increasing concern regarding the replacement of
GGBS with other waste/s such as SCM.

At the same time, the development and production of new materials require
advanced analytical characterisation to explain the relation between the physico-
chemical structure of the material and its properties. Highly integrated microelec-
tronic structure analysis of surfaces with laser beams and x-ray fluorescence-aided
devices is found to be helpful for analysing substances at microlevel and molec-
ular level [13]. In addition to characterisation, they provide important informa-
tion, including the interrelationships between chemical and durability characteristics
of the developed products. In most instances, simultaneous uses of several tech-
niques become necessary. Different experimental techniques have been employed
by researchers to investigate the chemical and morphological reaction upon hydra-
tion. This is because different techniques utilise different operating principles, and
hence, a simultaneous application of them will be expected to provide multidimen-
sional information of the hydration products of a binder. As a result, irrespective of
the crystal or amorphous characteristics of the hydrates, chemical andmorphological
status can be obtained.

A new novel non-Portland binder (NPB) was developed through synergistic
physicochemical composition by using PSA and blending it with another alkali
sulphate-rich fly ash and silica fume and gypsum-aided grinding. This study was
aimed for investigating the hydration mechanism, characterisation and evaluation of
the new novel NPB using analytical techniques.

2 Experimental Technique and Materials Used

2.1 Materials

The chemical and physical properties of the new NPB and control cement have been
provided in Table 1. For analysis and comparison with new NPB, a commercially
available Portland composite cement-type CEM-II/A/LL 42.5-N has been used in
this study which contains between approximately 6–20% limestone.

2.2 Fourier Transform Infrared Spectroscopy (FT-IR)

In this study, the spectrum of the specimen was studied by accumulating 16 scans
at 4 cm−1 resolution between 515 cm−1 and 4000 cm−1 using a Fourier transform
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Table 1 Properties of new
NPB and control cement

CEM II NPB

D50, µm 13.3 10.6

Fineness (BET), m2/gm 6.78 9.67

Density, gm/cm3 3.05 2.59

Soundness (mm) 1.3 2.0

Initial setting time (min) 150 70

Pozzolanicity (after 15 day) Positive Positive

Na2O 1.5 1.8

CaO 62.58 45.15

SiO2 25.06 31.19

Al2O3 2.26 3.49

SO3 1.92 3.5

Cl – 0.5

K2O 0.75 4.00

Na2O-equ [%] 2.0 4.2

infrared spectrometer (FTIR) equipped with a MIRacle ATR accessory (Specac,
UK). The samples were finely ground, combined with pre-dried spectroscopic grade
KBr (containing around 0.5% wt sample) and forced into a disc under 10 tonnes of
pressure, following the process mentioned in previous studies [14–16].

2.3 Thermal Analysis

In this study, a Perkin Elmer TGA-7 analyser was used to analyse the binder paste and
LOI of different materials by simultaneous TG/DTA. The samples were heated in a
tungsten crucible at a constant rate of 5 °C/min using inert nitrogen gas in the temper-
ature range from 24 to 960 °C. Commercial software Pyris was used to quantify the
mass loss and identify the peaks from TGA and DTA. The changes in sample weight
indicatematerial loss and phase transformation that occurs at particular temperatures.

2.4 Specimen for Analytical Analysis

For analysing hydration kinetics, phase development and microstructural analysis,
the paste specimens of the NPB and control cement were prepared at a water/binder
ratio of 0.50 and cured in 20 °C under water and analysed at designated ages. There
are similarities between the approach followed in this study and those described by
Singh [17] and Tkaczewska [18]. The mortar specimens of NPB using the optimised
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design parameters (binder:fine aggregate ratio of 1:2.25, water/binder ratio of 0.45
with 1.5% SP) were prepared and cured for up to 90 days. The comparative strength
development between NPB and the control cement (cement:fine aggregate ratio of
1:2.25 and water/cement ratio of 0.35) is displayed in Fig. 1. Though NPB shows
slightly lower early strength than the control, however, its rate of hydration was more
than that of the control between 7 and 28 days. However, the increase in strength
after 28 days was very low in NPB compared to that of the control mortar.

3 Results and Discussion

3.1 Hydrates Under TG/DTA

The TG/DT analysis of NPB paste ranging from 7 days to 1 year was conducted,
and a sample thermogram is shown in Fig. 2. To avoid interference by non-reacted
residual water, at designated periods, the hardened paste was dried at 20 °C for
four hours before TGA. Based on the suggestion provided by previous studies, the
findings from the TG/DTA profile for NPB are summarised in Table 2. The absolute
mass loss increases with age (up to 28 days) were evident from Fig. 1 and Table 2.
This was an indirect indication of degree of hydration within the ternary blend and
was in agreement with the result reported by Esteves [19] in the case of plain cement
and silica fume modified cement.

Moreover, based on the findings presented in Table 2, it is evident that the mass
loss in the temperature interval 0–150 °C with the first strong endothermic peak was
attributed to dehydroxylation of CSH and found to be increasing until 28 days of
curing. The mass loss at this phase was due to the loss of weakly bound water on the
gel solid, which was adsorbed, and was taken at about 90–110 °C. Furthermore, the
appearance of a new exothermic peak at 790 °C without a significant mass change
was due to recrystallisation of C–S–H [15] and was found to be related to pozzolanic
activity of silica fume within NPB [19]. The increased mass loss and shifting of
DTA peaks towards higher temperature with increase of hydration age were due to
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Table 2 Summary of TG/DTA curve for NPB paste

Temperature range Comments % Mass loss

7 day 14 day 28 day 90 day 365day

0–150 °C Endothermic peak is
attributed to the
dehydroxylation of
CSH phase

6.17 22.43 25.49 23.30 14.6

150–170 °C Mass loss is attributed
to the
dehydroxylation of
Ettringite (AFm)
phase

0.63 0.76 0.78 0.95 1.5

400–500 °C Mass loss for
dehydration of
Ca(OH)2 or
portlandite (C–H)

1.0 0.78 0.98 1.6 1.3

Absolute mass loss
(%)

20 35 37 35 32

the formation of C–S–H further, which supports the idea of Kourounis et al. [20]. The
second major endothermic peak at 7 days of hydration and the corresponding mass
loss in TG curve at 400–500 °C, as shown in Fig. 2, correspond to the dehydration
of the C–H phase, formed for further hydration through the reaction of silicate with
water. Similar thermal analysis was also reported in a recent work by Esteves [19]
for a cement–silica fume system.
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3.2 Analysis of Hydrates by FT-IR

The identification of the main hydration product of blended cement [15] and pure
cement [16] using FT-IR in association with IR spectral appearances during the
progress of hydration has been studied previously. The progressive hydration was
found to be supplemented by the increase of the intensities of C–S–H absorption
bands and simultaneous decrease of absorption bands of constituent minerals [21].
The IR spectral studies of hydration of NPB paste with increasing ages have been
plotted in Fig. 3. For identifying the successive changes in constituent materials and
hydration products, the absorption band of anhydrous (powder) NPB has also been
inserted in the IR spectrum of hydrated pastes in Fig. 3.

The IR spectra of ettringite presents a very strongband centred towards 1120 cm−1.
However, considerable difference between the spectra of two types of calcium sul-
foaluminate hydrates AFm and AFt phases, in association with identification of a
strong characteristic band at 1100 cm−1 and 1120 cm−1, respectively, was reported
by Bensted et al. [22]. At the same time, early formation of ettringite was detected by
a change in the sulphate absorption to a singlet centred at 1120 cm−1, and the subse-
quent replacement of ettringite by monosulfate by a further appearance to a doublet
at 1100 and 1170 cm−1 was stated by Taylor. Hence, the strong singlet absorption
peak for AFt at 1117 cm−1 after 1 day and initiation of return of doublet at 7 days
and the subsequent appearance of a strong doublet for conversion of AFt to AFm at
1113 cm−1 and 967 cm−1 after 28 day (Fig. 3) in the case of NPB were in accor-
dance with Taylor’s observation. The appearance of a strong C–H absorption band
at 3641 cm−1 and AFt band at 1118 cm−1 after 1 day of curing were the main early
strength generating elements for NPB that have been confirmed by the observed
compressive strength of 22.31 MPa after 3 days (Fig. 1).
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Subsequently, progressive increases in the intensity of the absorption band of
C–S–H with age at 1415 cm−1 and 1420 cm−1 (as shown in Fig. 3) played a domi-
nating role for generating strength within the NPB and control mortar, respectively,
which continued up to 90 days. The changes that occurred in the H2O bending band
around 1650 cm−1 and in the H2O or OH stretching bands at 3100–3700 cm−1

also confirm the successful hydration within the ternary blend [23]. Moreover, the
consumption of portlandite for progressive hydration and diminishing C–H band
subsequently at 3630 cm−1 with age was also found to be in agreement with the
TG/DTA observation of NPB paste.

4 Conclusion

The hydration kinetics within the NPB has been analysed utilising analytical
approach and compared with the reference cement. The sulphate activation of PSA
particles by alkaline fly ash was revealed in this analysis, where sulphate activation
was found to be based on the reactivity of sulphates with the aluminium in gen-
erating ettringite (AFt). The ionic species of alkali sulphate (K+, Na+ and SO4

2−)
was found to influence the activation and subsequent hydration. During activation,
the increased SO4

2− concentration (from gypsum and alkali sulphate-rich fly ash)
reacts with alumina phase of PSA and creates aluminosulphate that combines with
Ca2+ and forms ettringite. This ettringite provides strength at early ages of hydration
[24–26]. At the same time, the conversion of AFt to AFm phase was also established
by TG/DTA and FT-IR analysis during the progression of hydration within the novel
NPB.
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Predicting the Dynamic Properties
of Plain Concrete Under the Impact Load

Islem Megdiche, William Atherton, Clare Harris and Glynn Rothwell

Abstract Materials subject to high strain exhibit an enhancement in its mechanical
properties. High strain is caused by loads ranging from gas explosion and aircraft
impact to hypervelocity impact. The dynamic increase factor (DIF) is a method used
to take account of the strain rate. DIF is defined as the ratio of dynamic strength
to static strength. Methods to determine the dynamic properties of a material are
achieved via either conducting dynamic compressive and tensile testing or utilising
formulae from the literature. CEB-FIP model code [3] presents the most compre-
hensive formulae for predicting the strain rate enhancement of concrete. Quasi-static
flexural and compression tests of plain concrete were conducted using standard test
machines on concrete cubes and prisms, respectively. CEB-FIP compression and
tensile DIF models were then used to calculate the strength for the compression
and tensile strain rates between 10−2 and 100, which are most relevant to common
dynamic load cases in civil engineering structures.
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1 Introduction

Above ground storage tanks are structures that contain many products such as chem-
icals, oil and water. For those which store hazardous materials, strict precautions
have to be taken to prevent any sort of pollution or danger to the people and the
environment in case of catastrophic failure of the primary containment. For instance,
in the UK, all companies involved in the storage of hazardous materials are required
by law to provide mitigation measures. These entail the construction of a structure
surrounding the storage tank to retain any spillage in case of the release of small
quantities of the inventory or the whole bulk of materials in the case of catastrophic
failure. Such failures typically follow natural disasters such as hurricanes or acci-
dental releases that might result from a human error [1]. This structure is referred
to as a bund wall or secondary containment. In the UK, the bund wall is designed
under the BS EN 1992-3:2006 [5] where it is only designed to withstand the static
pressure of the fluid. However, in case of catastrophic failure, the bulk of material
escapes the storage tank very rapidly and impacts the bund wall which implies that
the structure is subjected to a dynamic load. The current project aims to study the
behaviour of the bund wall under the impact load of the fluid numerically. Therefore,
as part of thematerial calibration in the software, determining the dynamic properties
of the concrete is of a paramount importance to model the behaviour of the structure
accurately.

Impact loading involves the impactor and the target. Depending on the level of
deformation occurring in the impactor, the impact loading can be classified into two
main classes: they are hard and soft impacts. In the hard impact, the deformations
occurring in the impactor are very negligible compared to the deformations in the
target, such as a bullet hitting a concrete wall. In contrast, in the case of a soft impact,
both the impactor and the target undergo significant deformations which necessitates
considering the impactor in the analysis. An example of a soft impact is the fluid
flow hitting the bund wall. Another characteristic of the impact loading is determined
by the behaviour of the structure under the impact loading with various velocities.
The structure tends to respond locally if the velocity of the impact load is more than
40 m/s according to Othman [7]. This is because the load is acting over a very short
period of time which is smaller than the natural period of the structure, so the latter
does not have time to respond globally. If the velocity is less than 40 m/s, then the
structure responds globally and damage occurs everywhere in the structure. For civil
engineering structures, they are mostly subjected to low velocity impact in case of
dynamic accidental loading.

It iswell recognised thatmaterials subjected to high strain rates exhibit an enhance-
ment in their mechanical properties. In particular, the compressive strength, tensile
strength, the peak strain and the elastic modulus increase [4]. For example, the com-
pressive strength of the concrete subjected to dynamic loading at the rate of 10 s−1

increased between 85 and 100% of the static compressive strength [2]. The degree of
the increase in the dynamic properties depends on the strain rate, which itself depends
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Fig. 1 Typical strain rate for different types of loading

on the load case. Figure 1 shows the typical strain rates occurring in different dynamic
load cases.

Various tests exist to determine the dynamic properties of the concrete depending
on the level of strain rate. The hydraulic test machine permits a strain rate between
10−2 and 100. The drop-weight impact test machine is capable of reaching a higher
strain rate up to 10 s−1. The split Hopkinson pressure bar (SHPB) permits the highest
strain rate in the range of 10–104 s−1 on small specimens according to Ross et al. [8].
Alternatively, it is possible to use codes in which formulae are derived from experi-
mental tests in case of a lack of suitable experimental devices. CEB-FIP model code
[3] contains the most comprehensive formulae to predict the strain rate performance
of concrete. The code covers the dynamic properties of concrete up to 120 MPa in
both compression and tension for a strain rate up to 3 × 102 s−1 [3]. Therefore, it is
appropriate to use this code to predict the dynamic properties of concrete under the
impact load of fluid flow as the estimated strain rate is far below 3 × 102 s−1.

This paper presents the results of the compressive and flexural tensile strengths
obtained from the quasi-static tests conducted at Liverpool John Moores University
and the application of the relationships from CEB-FIP model code [3] to determine
the dynamic properties of the plain concrete.

2 Materials and Sample Preparation

The materials used for the specimen preparation are Grade 35 Ordinary Portland
Cement, silica sand, fine aggregate of a maximum size of 2 mm, superplasticiser and
potable water. The mix proportions are given in Table 1.

In total, six specimens were prepared, three prisms for the flexural tensile test
and three cubes for the compressive tests. Firstly, the dry constituents were mixed
together using aHobartmixer for 5min, thenwater and superplasticiserwere added to
transform the mix into a paste, and this operation lasted 10 min. Then, the specimens

Table 1 Materials proportion
of the concrete mix

Material Proportion (Kg/m3)

Cement 415

Aggregate 1200

Sand 624

Water 228

Superplasticiser 3.6
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Fig. 2 Concrete specimen for flexural tensile testing

Fig. 3 Concrete specimen
for compressive testing

were cast. After 24 h, they were demoulded and left to cure in water at 20 °C for
28 days. Figures 2 and 3 depict the specimens for the flexural tensile and compressive
tests, respectively.

3 Experimental Results

3.1 Compressive Strength Test Procedure

Compressive strength of the plain concrete was determined from 150-mm concrete
cubes using Controls Automax compressive test equipment depicted in Fig. 4. The
compressive test was conducted according to BS EN 12390-3:2009 [6]. Table 2
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Fig. 4 Compressive test machine

Table 2 Results of
compressive strength test

Compressive strength
(MPa)

Load at failure (kN)

Specimen 1 34.48 775.8

Specimen 2 35.85 806.6

Specimen 3 33.66 757.4

Average 34.66 779.93

Fig. 5 Flexural test machine

presents the results of the compressive strength and the load at failure obtained from
the test.

3.2 Tensile Flexural Strength Test Procedure

The three-point bending test has been conducted on 40× 40× 160-mm prisms using
a Tinius Olsen H25KS machine shown in Fig. 5.
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Table 3 Results of flexural
strength test

Tensile
flexural
strength
(MPa)

Load at
failure (N)

Deflection at
maximum
load (mm)

Specimen 1 6.27 2230 0.742

Specimen 2 6.49 2310 0.891

Specimen 3 7.17 2550 0.54

Average 6.64 2363.3 0.724

Fig. 6 Tensile
load–deflection curve of
specimen 1
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The tensile flexural strength is equal to

σ = 3FL

2bd2

where

F is the load at the fracture point (N).
L is the length of the support span which is equal to 120 mm.
b is the width.
d is the thickness.

Table 3 indicates the tensile flexural strength, the load at failure and the deflection
occurring at the maximum load for the three specimens and averaged values. The
curve of load–deflection obtained from the flexural tensile test is presented in Fig. 6.

4 Dynamic Properties of Plain Concrete

The dynamic increase factor (DIF) is a method to take into account the increase in
the mechanical properties of plain concrete. It is defined as the ratio of dynamic to
static strength [7]. The formulae used to calculate the dynamic compressive strength
and the dynamic tensile strength are given by Eqs. (1), (2), (3) and (4).
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4.1 CEB-FIP Compression DIF Model

DIF f c = fcd
fc

=
(

ε̇c

30 × 10−6

)0.014

for ε̇c ≤ 30 s−1 (1)

DIF f c = fcd
fc

= 0.012

(
ε̇c

30 × 10−6

) 1
3

for 30 ≤ ε̇c ≤ 300 s−1 (2)

where

fcd the dynamic compressive strength corresponding to strain rate ε̇c.
fc the static compressive strength corresponding to the static strain of 30 × 10−6

[7].

It is estimated that the strain rate induced by the impact of the fluid flow on
the concrete bund wall is in the range of 10−1–100 which is the range of strain rate
occurring in the case of pile driving and aircraft impact according to Fig. 1; therefore,
the DIF is estimated from Eq. 1. Assuming that the strain rate is equal to 100, then
DIF f c = 1.15 and fcd = 40.10 MPa.

4.2 CFB-FIP Tension DIF Model

DIF f t = ftd
ft

=
(

ε̇t

1 × 10−6

)0.018

for ε̇t ≤ 10 s−1 (3)

DIF f t = ftd
ft

= 0.0062

(
ε̇t

1 × 10−6

) 1
3

for 10 ≤ ε̇c ≤ 300 s−1 (4)

where

ftd the dynamic tensile strength corresponding to strain rate ε̇t
fc the static tensile strength corresponding to the static strain of 1 × 10−6 [7].

Similar to the compression DIF model, the model given by Eq. 3 for the tensile
DIF is chosen. For a strain rate of 100, DIF f t = 1.282 and ftd = 8.51 MPa. The
values obtained from the CFB-FIP DIF models for both tension and compression are
in agreement with the experimental results presented in [2, 4, 8] for the range of the
strain rate considered.

5 Conclusion

The aim of this study was to calculate the dynamic properties of the plain concrete
under the impact loading. These values are to be utilised to calibrate the material
model in the finite element analysis (FEA) model for subsequent numerical mod-
elling of the bund wall. There are specific test machines that permit determination
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the properties experimentally; however, these machines are very expensive and not
always available or limited to a maximum rate of loading. Alternatively, the CEB-
FIP model code presents formulae for plain concrete which are appropriate for the
strain rate under investigation. The formulae are in agreement with other experi-
mental studies. The quasi-static properties of the plain concrete were determined for
compressive and flexural tensile tests. Then, the formulae for the appropriate strain
rate range were utilised to calculate the dynamic compressive and tensile strength.
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New Cementitious Materials
for Sustainable Construction

Hassan Al-Nageim and Monower Sadique

Abstract The paper reports themechanical and physical properties of new hydrauli-
cally bound cementitious materials made from environmentally friendly waste fly
ash and chemical additives. The new products can be used for cement replacement
material and need no burning process as the case with conventional cement manufac-
turing process. Two fly ashes generated from incineration of domestic and industrial
wastes were blended and optimized to generate a new ternary blended cementitious
material. The developed blended formulation showed versatility in terms of offering
different grademortar having properties like conventional cement. The early strength
was comparable to the control mortar, but after the age of 14 days and in the new
products, the crushing strength rate is higher than the crushing strength rate pro-
duced using ordinary Portland cement mortar. The influence of water content, alkali
activation, synthesis by water dispersing agent has also been analyzed in addition to
the new material compressive strength.

Keywords Alkali activation · Cementitious materials · Compressive strength ·
Fly ashes · XRD analysis

1 Introduction

In the process ofmanufacturing cement, intensive energy is usedduring the quarrying,
heating, and crushing thematerials to the requiredparticle size. This creates a negative
environmental impact. In 2016, 7.3 million ton CO2 has been released by cement
industry (Statistics on Emissions in the United Kingdom (UK)) [1]. The enormous
CO2 output from cement manufacturing process makes this industry as one of the
top sources for greenhouse gases among other manufacturing industries. To reduce
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the energy consumption and CO2 emission, at burning stage, natural pozzolana,
steel slag, and limestone have been used by cement manufacturers for a long time.
According to cement technology roadmap [2], one of the four identified technologies
to minimize carbon emission was clinker substitution. BS EN 197-1:2000 describes
the common 27 types of cement with mineral additives such as blast furnace slag
(BFS), pulverized fuel ash (PFA), burnt shale (BS), and silica fume (SF). Irrespective
of the mineral in addition to cement clinker, the specification allows in the range of
6–55% of clinker replacement. Based on 2006 GNR (getting the numbers right)
data, globally 500 million tonnes of clinker substituting materials has been used for
2400 million tonnes of cement produced [2]. For lower reactivity, the supplementary
materials were synthesized by OPC, and as a result, bulk utilization of the same was
hindered.

In this study, a newhydraulically bound cementitiousmaterialmade from environ-
mentally friendly waste fly ash has been developed which offers analogous physical
and chemical properties with cement and also shows strength development charac-
teristics throughout the hydration process.

2 Materials Used in This Research Work

In this research study, the following materials have been used;

1. Fly Ashes: Biomass fly ash rich of CaO and fly ash with low contents of CaO
named as FA1 and FA2, respectively.

2. Liquid sodium hydroxide alkali waste with less than 8% NaOH in water.
3. Dry silica fume and slurry silica fume, SF. With SF: water ratio of slurry was

50:50.
4. Gypsum (FGD) or commercially named flue gas desulfurization gypsum is the

most widely used system in coal-fired power plants for removal of emitted sulfur.
The process uses lime to absorb sulfur and produce GFD gypsum by-product.
FGD has been collected from a coal-fired thermoelectric power plant.

5. Portland composite cement type CEM-II/A/LL 42.5-N. Used as a control cement
for comparison with the new produced secondary cementations materials in this
research work. As per the BS EN specification, this type of cement contains
6–20% limestone.

6. Sand: Local sand passing through 2-mm sieve has been used.

3 Physicochemical Activation of FA1 and FA2

Physical activation was achieved by grinding the fly ash in a laboratory using 1 horse-
power grinder with a capacity of 2.5 l. The grinding was performed on the individual
waste fly ash at the rate of 270 gm/batch for 15 min. About 5% FGD gypsum was
added as grinding aid.
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Fig. 1 XRD profile of FA1 before and after grinding XRD analysis (lime—L, calcite—C, anor-
thite—A, gehlenite—G)

Fig. 2 XRD profile of FA2 before and after grinding (calcite—C, arcanite—A, larnite—La,
hematite—H, perovskite—P, gypsum—G)

Particle size reduction due to elastic and plastic deformation of material during
grinding is of obvious and mechanochemical amorphization. As a result, the XRD
patterns show bands and humps rather than sharp lines and peaks, respectively [3].
As shown in Fig. 1, the hump and broadening of peaks for 15-min grounding (at the
rate of 250 gm/batch with 5% FGF gypsum as grinding aid) of treated fly ash FA1
(TFA1) and treated TFA2 indicate its increase in amorphousness. Similar phenomena
in terms of amorphousness of FA2 particles with the same charging rate in mortar
pestle grinder has been identified in XRD analysis as shown in Fig. 2. Comparing
the particle size distribution (PSD) of grounded materials, it can be recognized that
the PSD of the new materials termed as HSC-3 approximately coincides with those
of OPC. The change in this microstructural level can also be recognized in SEM
view of the undisturbed and grounded materials in Figs. 4 and 5. The coagulation of
very fine nanoparticles of silica fume (SF) is responsible for showing coarser PSD
as shown in Fig. 3.
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Fig. 3 PSD of the new materials, HSC-3, compared with reference cement OPC

Normal TFA1Grounded 

Fig. 4 SEM of normal and grounded TFA1

Normal FA2 Grounded  TFA2

Fig. 5 SEM of FA2
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Fig. 6 Mortar compressive
strength of HSC-3 compared
with control mix
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4 Blending—Developing LJMU Cementitious Material

A mix proportion for tertiary blended mixtures containing mechanically activated
TFA1 and TFA2 in association with SF based on the analysis of blended of 3 part
of TFA1 to one part by volume of TFA2 with 20% silica fume of the total weight
was producing very good results as can be seen in Fig. 6. This cement, which has
no OPC cement, was termed as LJMU-HSC-3, shows progressive strength gaining
with respect to control paste confirms the increasing trends of pozzolanic reaction.

The figure also shows that the mortar containing the new cementitious materi-
als possesses comparative crushing compressive strength to the mortar made from
Portland composite cement type CEM-II/A/LL 42.5-N. Also interestingly, at age
3–28 days of curing at normal room temperature, the rate of crushing compressive
is higher than the rate of gain of the control mortar at this early stage of strength
development.

5 Conclusions

A new method of activating FA1 with FA2 and SF has been reported through this
study. The characterization of undisturbed candidate waste materials and improve-
ment in terms of higher reactivity through chemical andmechanochemical activation
process has been confirmed by analyzing particle size distribution, powder diffrac-
tion pattern, microstructural, and thermal analysis of hydration product. The PSD,
SEM, XRD analysis, and strength development profile and failure under the load of
the developed composite blend show very similar characteristics with conventional
cement. The method for producing the new cementations materials named as LJMU-
HSC3 required no burning of the raw materials, low grinding energy, and minimum
waste alkali activation. The new product can produce 86% cube compressive strength
of OPC control mix. Based on this research study, following key findings could be
summarized:



www.manaraa.com

248 H. Al-Nageim and M. Sadique

• The potentiality for supplementary cementitious material of FA1, FA2, FGD, and
SF is promising,

• FA1, SF, and waste NaOH can be used for increasing the reactivity of FA1,
• FGD gypsum not only acts as grinding aid but also contributes toward strength
development,

• Blending among the selected materials not only provides the analogous chemical
composition of OPC but also shows remarkable reactivity during hydration.

Thus, a newmethod of producing supplementary cementitiousmaterials with bulk
usage of waste streams has been proposed through this study. The method will not
only reduce the utilization of natural minerals and fossil fuel but also the omission
of burning process (up to 1450 °C during OPC production) will drastically reduce
CO2 emission. Following issues have been scheduled for further development of the
product:

• Optimization of the blending matrix
• Production of different grade strength mortar by optimized mix design
• The expansion, leaching, and freezing and thawing effect on the hydrated material
of the proposed product.
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Influence of Texture on Mechanical
Behaviour of Basalts

P. S. K. Murthy, Sukhdev Singh and S. L. Gupta

Abstract To understand the influence of texture on the mechanical behaviour of
basalt, four variants each of vesicular basalt, four variants of amygdular basalt and
two variants of porphyritic basalt were investigated in the laboratory. These basalts
were obtained from different site locations of the Betwa River basin in central India.
These basalts were investigated for uniaxial compressive strength, indirect tensile
strength and shear strength parameters (cohesion and angle of internal friction). In
addition to the above, wave velocities (compressive and shear), durability and density
characteristics were also studied. And, mode of failure of basalts in compression has
been discussed. The mineralogical composition of basaltic variants was quantified
through an X-ray diffraction method. In comparison, vesicular basalts were inferior
in all properties and parameters. And, it was observed that the failure propagated in
vesicular and amygdular basalts along the chain of vesicles, whereas in porphyritic
basalts, the failure is along the grain boundaries of phenocrysts.

Keywords Texture · Basalt · Laboratory study · Central India ·Mode of failure

1 Introduction

Basalt is an igneous rock (extrusive type, occurs on or above the earth’s surface)
formeddue to solidification ofmagma. It is generally formed asmassivewith 45–55%
SiO2; it has a high content of Fe, Mg, Ca and less of K and Na. Under different
atmospheric conditions, basalt typically exhibits different textures. Texture depends
mainly on crystallinity, granularity, shape ofminerals andmutual relations ofmineral
grains. In some variants, small cavities are formed by the expansion of bubbles of gas
or steam during solidification of the volcanic rock. Several researchers have observed
that the strength of vesicles in basaltic flowswas considerably affected by their poros-
ity [1, 2]. These vesicles were sometimes filled by secondary minerals like calcite,
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quartz or olivine depending on groundwater chemistry and underground physical
conditions [3]. These are called amygdules. Another texture generally observed in
basalts was porphyritic texture, in which large crystal or phenocryst was surrounded
by fine-grained mass.

The knowledge of rock including its strength, deformation behaviour and their
failure characteristics is important in geotechnical engineering. The textural differ-
ences in basalts greatly affect the geotechnical properties and parameters [4]. Hence,
an attempt was made in the present study to understand the mechanical behaviour
of three texturally varied basalts such as vesicular (VB), amygdular (AB) (with
secondary mineral fillings) and porphyritic (PB) textures along with their failure
characteristics. All the variants were collected from the Betwa River basin of central
Indian region. The basaltic flows of these locations belong to Malwa Group of the
Deccan trap complex comprising low lying hills, hill clusters, valleys and extensive
plains.

2 Experimental Work

To meet the objective, four variants of vesicular basalt, four variants of amygdu-
lar basalt and two variants of porphyritic basalts collected from the Betwa basin
of central India were investigated for uniaxial compressive strength, indirect tensile
strength and shear strength parameters. X-ray diffraction (XRD) studies were per-
formed to assess the minerals in the variants of basalt, to delineate the influence of
intrinsic properties on the mechanical behaviour of basalt. Using CuKα radiation (λ
= 1.5404A°), the representative powdered sample of rock is used for quantification
of minerals. Figure 1 shows the diffraction patterns of vesicular basalt, amygdular
basalt and porphyritic basalt (relative intensity vs. 2 THETA). Table 1 shows average
mineral compositions of all variants of basalt.

For holistic analysis, physical, durability and wave velocity characteristics were
also evaluated. All the investigations were carried out in saturated condition duly
applying the procedures suggested by International Society of Rock Mechanics [5].
The test specimens were prepared for different sizes in regular shapes using cutting,

Table 1 Average chemical
composition of basalts

Mineral Au Alb O La Q Ma I Mo

VB
(%)

27.1 38.4 2.0 23.6 ND ND 6.5 2.4

AB
(%)

26.5 36.2 12.2 17.6 4.5 ND 2.5 0.5

PB (%) 40.5 18.8 22.7 8.5 6.2 3.3 ND ND

Au augite, Alb albite,O olivine, La labradorite,Q quartz,Mamag-
netite, I illite and Mo montmorillonite
ND Not detected
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Fig. 1 Diffraction patterns for a vesicular basalt, b amygdular basalt and c porphyritic basalt



www.manaraa.com

252 P. S. K. Murthy et al.

Fig. 1 (continued)

polishing rock cores. And, it was ensured that the dimension of the prepared spec-
imens was within the tolerance limits suggested by ISRM [5]. Rock samples were
saturated by immersing in water and applying a vacuum not less than 800 Pa for a
period of at least one hour.

The results were discussed under the following major categories: (i) physical
and durability properties, (ii) waves’ velocities and (iii) mechanical behaviour and
mode of failure. The uniaxial compressive strength (UCS) was evaluated for NX
size cylindrical cores with length-to-diameter ratio of 2.5, under statically applied
compressive load. The indirect tensile strength was assessed employing Brazilian
test, and the NX size saturated specimens, with length-to-diameter ratio of 0.5, were
tested under static loading. In Brazilian test, the loading is compressive. But, the
failure takes place under tension because of the experimental fact that most of the
rocks in biaxial stress fields fail in tension at their uniaxial tensile strength when one
principal stress is tensile and the other finite principal stress is compressive with a
magnitude not exceeding three times that of the tensile principal stress. The shear
strength parameters, i.e. cohesion (c) and angle of internal friction (F) for three
variants of basalt, were evaluated using conventional triaxial compression as per
ISRM [5]. For triaxial compression test, Hoek cell was employed, and the saturated
specimens, with length-to-diameter ratio of 2, were tested over the desired range of
confining pressure 3–10 MPa. For all the samples tested in uniaxial compression,
waves’ velocities were evaluated, namely compression wave velocity and shear wave
velocity. These were evaluated both in dry and saturated states also by employing
two piezoelectric crystals of 200 and 33 kHz frequency for compression and shear
wave, respectively. These velocities help in understanding scatter in the data and
arriving at a representative value of parameters. Hence, velocities were evaluated for
the samples subjected to the uniaxial compressive test.
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3 Results and Discussion

3.1 Physical and Durability Properties

Figure 2 shows the variation of densities (dry bulk density, saturated bulk density
and grain density) for three textures of basalt. It was observed that vesicular basalts
have resulted in low densities both in dry and saturated conditions. In the case of
amygdular basaltswith the addition of secondarymineral fillings, these densities have
increased substantially. However, in respect of grain content, there was marginal
variation among the three textures. Due to phenocrysts in porphyritic basalts, an
increase in grain density can be observed.

Figure 3 shows the variation of water content (at saturation) and apparent porosity
in three textures of basalt. The retention capacity ofwater in vesicles (interconnected)
was high. As such, water content at saturation in vesicular basalts was marginally
higher (1.5–5%) than amygdular basalts (0.5–5%). Similar to water content, the
variation in vesicular basalts resulted in higher apparent porosity (4–14%) than the
rest of other textures.

Durability. Figure 4 shows the variation of slake durability indices (SDI) of
three variants of basalt subjected to two cycles. It was observed that alteration of
mineral fillings during the process of slaking has resulted in a substantial reduction
in durability index of amygdular basalts. For VB and PB, the reduction in SDI was
marginal.

3.2 Waves’ Velocities

From Fig. 5, it was observed that the velocity data values (both compressive and
shear) for VB were lower than AB and PB. And, most of the samples in vesicular
basalts have shown the reduction inwaves’ velocities on saturation (Fig. 6).Normally,
all rocks exhibit increase in waves’ velocities on saturation [6, 7]. It was inferred that

Fig. 2 Variation of densities
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Fig. 3 Variation of water
content at saturation and
apparent porosity

Fig. 4 Variation of
durability indices

the marginal reduction in waves’ velocities of VB was possibly due to alteration of
clay mineral fillings on water saturation.

3.3 Mechanical Behaviour

Uniaxial compressive strength. It was observed from Fig. 7 that vesicular basalts
were failed much lower strengths than the rest of variants of basalt possibly because
of a vesicular structure. Most of the samples failed along the periphery of vesicles,
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Fig. 5 Variation in waves’ velocities (in dry and saturated states)

Fig. 6 Variation in waves’
velocities in VB

Fig. 7 Variation in UCS
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Vesicle Boundary 

Fig. 8 Failure pattern of VB and PB in uniaxial compression

Fig. 9 Variation of indirect
tensile strength in Brazilian
test

and propagation of failure is along the chain of vesicles (Fig. 8). In the case of
amygdales, secondary mineral fillings improve in much more compact rock and that
has resulted in higher strengths than the rest of the variants. Hence, it can be inferred
that as the amount of vesicles and foreign materials in basalt decreases, the responses
of vesicular basalt approach that of massive basalt.

It can be observed that the strength of porphyritic basalt much lower than amygdu-
lar basalt. Porphyritic texture in volcanic rocks like basalt formed when slow cooling
ofmagma is followed by faster cooling, resulting in the formation of a large crystal or
phenocryst, surrounded by fine-grained mass. As such, in porphyritic basalts, failure
was initiated and propagated along the boundaries of phenocrysts, resulting in lower
strength than amygdular basalts.

Indirect tensile strength. Similar to UCS, vesicular basalts have failed (Fig. 9)
at lower strengths than the other variants of basalt. In addition to the existence of
vesicles over the surface area of rock cores, the clay minerals played a greater role
in reducing the bond between rock’s constituents. This has resulted in a reduction in
strength of vesicular basalts on saturation.
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Fig. 10 Failure patterns of
VB in Brazilian test

Fig. 11 Variation of
cohesion and F under
triaxial test

Figure 10 shows the mode of failure of vesicular basalts in Brazilian test. Similar
to UCS, in Brazilian test also, vesicular basalts have failed along the periphery of
vesicles. Moreover, the variation in data was substantial compared to porphyritic
basalt. However, the detrimental effect of strength on saturation due to the existence
of clay minerals in vesicular basalts cannot be ignored in the present case also.

Shear strength parameters. Figure 11 shows the variation of shear strength
parameters, i.e. cohesion (c) and angle of internal friction (F) for three variants of
basalt. The confining pressure was selected in the range of 3–10 MPa. In view of
scatter in triaxial data, for all the variants upper and lower bound curves were plotted,
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Fig. 12 Failed sample of
VB under triaxial test

and the tangents drawn to these curveswere considered to represent the range of shear
strength parameters for the selected variant. The mode of failure of vesicular basalts
under triaxial compression is shown in Fig. 12. Similar to UCS, cohesion in VB and
PB was lower compared to AB. And, angle of internal friction in porphyritic basalts
was higher than vesicular basalts. It is inferred that the presence of harder minerals
such as augite, albite and labradorite in higher proportion has contributed to a higher
angle of internal friction in PB than VB.

4 Conclusions

In the present study, the influence of basaltic textures (vesicular, amygdular and
porphyritic) on its mechanical behaviour was investigated in the laboratory. Based
on the results, it is inferred that

• The presence of vesicles in basaltic rocks has drastically reduced the strengths
(UCS, indirect tensile strength, shear strength) in vesicular basalts. However, in
amygdular basalts, due to secondary mineral fillings (olivine, calcite) in the vesi-
cles, the strengths were increased substantially.

• On slaking, the reduction in durability indices observed.
• Most of the vesicular basalt samples were failed along periphery of vesicles, and
the propagation of failure was along the chain of vesicles. In the case of porphyritic
basalts, the strengthswere reduced due to the failure of samples along the boundary
of phenocrysts.

• Also, on saturation, the reduction in waves’ velocities was observed in vesicular
basalts possibly due to alteration of clay fillings with water.
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Experimental Investigation to Study
the Properties of Concrete Incorporated
with GGBS and GBS

Uday Bhanu Chakraborty, Sanjeev Bajaj and Sandeep Dhanote

Abstract In the present study, mix design ingredients viz. water, cement, ground
granulated blast-furnace slag (GGBS), aggregate (fine and coarse), ground blast-
furnace slag (GBS) and chemical admixture were collected, tested and the findings
are presented in this paper for Joda and Khondbond Iron Mines Expansion Project,
Orrisa for Tata Steel Limited. Tata Steel Group is implementing ground granulated
BF slag (GGBS + GBS) in its entire construction project sites after preparing a
proper mix design. Compatibility (complex interaction between cement [1–3] and
chemical admixtures [4])may be issued because of the large variation of fine contents
during the trials. Due to incompatibility between cement and chemical admixtures,
concrete may face various problems during the concreting works viz. late setting
of concrete, fast slump loss/moisture loss, inadequate strength increase, cracking,
etc. These problems may affect the properties of fresh and hardened concrete viz.
primary strength and durability. Compatibility between GGBS blended cement and
chemical superplasticizer (IS: 9103) was confirmed byMarsh cone test. Considering
the compressive strength of cement mortar, setting time of concrete, workability,
compressive strength and durability (measured in terms of rapid chloride penetration
test (RCPT)) and the mix design for M30 grade of concrete were prepared with 40%
replacement of cement by GGBS and 25% replacement of sand by GBS. During
the course of trials/study, the main objective was to find the effect of fines (GGBS
+ GBS) content on the properties of concrete. Many research papers have been
published pertaining to GGBS utilization/properties but GGBS + GBS concrete is
rarely seen after recent advancement in IS 383 pertaining to the uses of aggregate
from unconventional sources.

Keywords GGBS · GBS · Compatibility · Split tensile strength · Flexural
strength · Ultrasonic pulse velocity · Activity index
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1 Introduction

In the world, there are numbers of significant structures that were made from a com-
bination of Portland cement and GGBS. Some examples are World Trade Centre at
New York (40% replacement of OPC), Three Gorges Dam in China (40% replace-
ment of OPC), Detroit Metro Airport Terminal Expansion at Michigan, etc. (40%
replacement of OPC). In various national and international journals, it was estab-
lished that GGBS can be a sustainable and cost-effective material. The behaviour of
GGBS and GBS blended concrete in various proportions has been reported by num-
ber of researchers viz [5–8]. They concluded that GGBS increases the compressive
strength, workability and durability of the concrete and also significantly reduces the
carbon footprint.

In the present research, GGBS was used as a partial replacement of ordinary
Portland cement (OPC) in varying ratio of 0–70% for preparing a suitable concrete
mix. From the various studies, itwas found that concretemadewithGGBS is stronger,
durable and eco-friendly.

Following are the benefits of using GGBS in partially replacing ordinary Portland
cement:

1. Concretemadewith amix ofGGBS andOPC sets slowly as compared to concrete
made by using only OPC.

2. Due to the lower heat of hydration and low temperature rise, this concrete can
be used in mass concrete works.

3. Structure damages due to alkali–silica reaction (ASR) significantly reduces.
4. GGBS provides higher resistance from chloride attack,thereby reducing the risk

of reinforcement corrosion.
5. Provides a low strength in early age and higher strength in later stage.
6. GGBS provides a cohesive mix due to its finer particle size and therefore perme-

ability of concrete reduces.
7. Due to the crisis of natural virgin construction material like river sand, GBS can

become a suitable alternative material.

2 Chemical Composition of GGBS and GBS

The chemical compositions of blast furnace slag are CaO, SiO2, Al2O3 andMgO [9].
Out of these components, Cao is mainly responsible for enhancing of compressive
strength. Therefore, increasing the CaO content in the slag, compressive strength of
the concrete wall can be increased.

Granulated blast-furnace slag (GBFS) to be used as partial replacement of sand
should conform the requirement given in Table 1 as per IS: 12089 and the chemical
composition of GBS and GGBS should be same.

Additionally, granulated blast-furnace slag should also conform the requirements
as mentioned in Table 2, as per IS: 383 [10, 11].
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Table 1 Requirement of
GGBS

Constituents Limits (%)

Manganese oxide, percent, max 5.5

Magnesium oxide, percent, max 17.0

Sulphide sulphur, percent, max 2.0

(CaO +MgO + 0.33Al2O3)/(SiO2 +
0.67Al2O3)

1.0

(CaO +MgO + Al2O3)/SiO2 1.0

Insoluble residue, percent, max 5.0

Glass content, percent, min 85

Table 2 Additional
requirements of GBS

Characteristics Limits

Total alkali content as Na2O equivalent, percent
max

0.3

Total sulphate content as SO3, percent max 0.5

Acid soluble chloride content, percent max 0.04

Water absorption, percent max 5

Specific gravity 2.1–3.2

Calcium oxide as CaO, percent, max 45

Total sulphur as S, percent, max 2.0

Total iron as FeO, percent, max 3.0

3 Results and Discussions

In the present study, replacement ofGGBS by cement varies from 0, 20, 30, 40, 50, 60
and 70%,whereasGBS remains constant, i.e. 25% replacement of sand.Accordingly,
all ingredient changes as per the IS: 10262mix design process [12–15]. In this present
study, Portland slag cement (PSC) [16–21] with 25% of GGBS was tested separately
and the same was compared with GGBS blended with OPC.

It is a well-known fact that on altering the volume of GGBS/fine content, the
properties of cementious material viz. setting time, activity index and compres-
sive strength change. In the second phase, the properties of fresh concrete were
observed by its workability, bleeding and segregation and setting time. The compres-
sive strength of concrete was observed by casting large numbers of concrete cubes
with varying proportion of GGBS, GBS and other ingredients in the mix design. The
same were tested in laboratory and the results are also presented in. During trials,
following tests were conducted:
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Fig. 1 Compressive strength
of cement mortar
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3.1 Cement Mortar Tests

3.1.1 Compressive Strength of Cement Mortar

Figure 1 shows that strength of OPC+GGBS cement mortar decreases with increase
in GGBS replacement. As per IS4031 Part6, cement: standard sand 1:3 (by weight)
mix was prepared and water content

(
P
4 + 3

)
% of combined weight of cement and

sand where p stands for normal consistence.

3.1.2 Activity Index of Cement Mortar w.r.t Reference PSC

Activity index of OPC + GGBS cement mortar is determined as the ratio of cube
strength of OPC + GGBS cement mortar to the strength of reference PSC 28 days
cement mortar strength.

Up to 38% GGBS, the 28 days strength of OPC + GGBS cement is higher than
the 28 days strength of reference PSC. 3 days and 7 days strength of OPC + GGBS
cement is always lower than the strength of reference PSC at the same period as
shown in Fig. 2.
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Fig. 3 Slump test

3.2 Concrete Fresh Properties (Checks/Tests)

3.2.1 Bleeding of Concrete

GBS/GGBS is fine glassy and dense surface material. The water absorption capac-
ity of GBS/GGBS is lesser than natural and manufactured aggregate and Portland
cement. Therefore, extra/free water may rise at the surface of the concrete. In this
study, it was observed that up to 40% replacement of OPC by GGBS+ 25% replace-
ment of fine aggregate by GBS concrete does not exhibit any bleeding characteristic
but due to excess vibration or rotation it may have occurred.

3.2.2 Slump Loss

GGBS mix concrete may have shown bleeding characteristic due to its less water
absorption capacity. Therefore, during summer, a higher slump loss may occur. To
make the concrete workable, higher initial slump should be considered during mix
design. Slump test at batching plant and site is shown in Fig. 3.

3.2.3 Setting Time

The setting time of concrete made with GGBS is higher than the same mix design
of concrete made with Portland cement. Setting time of concrete will increase by
adding of GGBS. The tendency of setting times initially up to 30% is a reduction but
above 30%, it increased significantly. The same phenomenon was observed during
mix design as shown in Fig. 4. As the batching plant is generally established outside
of major project site/city due to area constraints, the lead of transportation of the
concrete may increase, resulting concrete get time set if pouring time of concrete
exceeds the design mix retention time. GGBS concrete reduces the risk of cold joints
during mass concrete pours.
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Fig. 4 Strength of cement
mortar with % GGBS

0
50

100
150
200
250
300
350

0 20 40 60 80Se
ng

 
m

e 
in

 m
in

ut
es

GGBS Percentage

Final Se ng Time Ini al Se ng Time

Fig. 5 Statistical analysis of
cubes

40
44
48
52
56
60
64
68

0 20 40 60

Co
m

pr
es

si
ve

 S
tr

en
gt

h 
at

28
 D

ay
s i

n 
N

/m
m

2

Nos. of Tests - 63

UCL

LCL

3.3 Harden Properties (Checks/Tests)

3.3.1 Compressive Strength Test

15 cm × 15 cm × 15 cm size of concrete cubes were prepared (IS: 516 and IS:
1199) using standard cube moulds and the size of cube moulds were in confirmation
to the latest Indian standard IS 10086. The cubes were unmoulded after setting
and were placed in the curing tank. Compressive strength test was conducted at
28 days by compressive strength testing (CTM) machine under a constant rate of
140 kg/cm2/min. Total 63 nos. of cubes were tested and are presented in this paper
for mix of 40% replacement of GGBS and 25% replacement of fine aggregate. The
statistical analysis of cubes test results of the design mix (60% OPC + 40% GGBS
+ 25% GBS partially replaced by fine aggregate) are shown in Fig. 5.

During compressive strength testing of all mixes from 0 to 70%, it has been
observed that compressive strength of concrete up to 40% GGBS and 25% GBS has
increased significantly.

3.3.2 Rapid Chloride Penetration Test (RCPT)

To maintain the slump and water–cement ratio for M30 grade of concrete, polycar-
boxylic ether-based superplasticizers was used with other ingredients of concrete
viz. aggregates (IS: 383, IS: 2386, IS 456), cement (IS 455, IS 4032, IS 4634, IS
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Table 3 Test results of RCPT GGBS replacement level in % Average of RCPT (in
coulombs)

0 2196

20 1135

30 834

40 654

50 523

60 450

70 314

Table 4 Test results of split tensile strength

Specimens GGBS GBS Average split tensile strength
(N/mm2)

A0 – – 2.92

A20 20% 25% 3.19

A30 30% 25% 3.24

A40 40% 25% 3.38

A50 50% 25% 3.47

A60 60% 25% 3.53

A70 70% 25% 3.41

4925, IS 8112: 43 and IS 10262), GGBS and water. Concrete should be checked
for chloride permeability whenever there is a potential risk of chloride induced from
admixture/cement/aggregate/water or even from the surrounding soils. Seven com-
binations (by percentage of Cement and GGBS) of concrete were produced, casted
and tested for RCPT as per technical standard ASTMC 1202-97and AASHTO T277.
The results are tabulated in Table 3.

3.3.3 Split Tensile Strength Test

Splitting tension test was conducted to find out the tensile strength of concrete spec-
imens. A dynamic compression load was applied at a constant rate of approximately
14–21 kg/cm2/min on the specimen (size 15 cm × 30 cm) diametrically across the
circular cross section (c/s). A tensile deformation was induced perpendicular to the
loading direction, which may be the reason for tensile failure. The test results are
shown in Table 4.

Calculation of split tensile strength of the specimen is as follows:

Split tensile strength(MPa) = 2×Max. applied load indicated by testing machine, N

π × Length of specimen,mm× Dia.of specimen,mm
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Table 5 Test results of Avg. flexural strength

Specimens GGBS GBS Average flexural strength
(N/mm2)

A0 – – 3.86

A20 20% 25% 4.35

A30 30% 25% 4.37

A40 40% 25% 4.58

A50 50% 25% 4.88

A60 60% 25% 4.74

A70 70% 25% 4.53

3.3.4 Flexural/Bending Strength Test

Concrete is weak in tension due to its brittle nature. Reinforcements are provided in
concrete to enhance tensile strength of the concrete structure. Although little depen-
dence laid found on concrete, the developed tensile stresses (due to drying shrinkage,
cracks for low cover, cracks for substandard materials, temperature variation, rusting
of steel bars or may be other reasons) in concrete are likely to be resisted. Flexu-
ral/bending strength was measured of an unreinforced concrete beam of specimen
size 100 mm× 100 mm× 500 mm (confirmed by latest IS: 516) by universal testing
machine (UTM) as per the technical specification of IS 1199. Specimenswere casted,
tested and 28th day test results for flexural strength of seven mixes are presented in
Table 5.

Calculation of Flexural strength of the specimen is as follows:

Flexural strength of beam(MPa) = 3×Max. applied load indicated by testing machine, N× Support Span, mm

2×Width of Specimen, mm× Thickness of the specimen2, mm2

3.4 Ultrasonic Pulse Velocity (UPV) Test

This test was conducted by Pundit UPV tester. The principle of this test is that bymea-
suring the time of travel of an ultrasonic pulse passing from one transducer to another
through the concrete is being tested and presented in this paper. Higher velocities
indicate good quality of concrete in terms of density, homogeneity and uniformity.
While lower velocities generally indicate that the tested concrete specimenmay have
the same cracks or voids. The test results are presented in Table 6.

Pulse velocity = Path length

Travel time
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Table 6 Test results of UPV
test

Mix Average
ultrasonic pulse
velocity results
(km/s)

General
condition

Quality
classification

A0 4.986 Excellent Very good

A20 4.473 Excellent Very good

A30 4.576 Excellent Very good

A40 4.456 Excellent Very good

A50 4.126 Excellent Very good

A60 4.268 Excellent Very good

A70 4.387 Excellent Very good

4 Conclusion

Compressive strength of cement motor drastically decreases with increase in per-
centage of GGBS. On replacement of OPC with GGBS up to 38%, the 28 days
strength of OPC + GGBS cement is higher than the 28 days strength of reference
Portland slag cement (PSC). 3 days and 7 days strength of OPC + GGBS cement
was, however, lower than the strength of reference PSC at the same period. Some
samples of GGBS mix concrete has shown bleeding characteristic due to less water
absorption capacity of GGBS particle. Setting time of concrete mixed with GGBS
is higher than the concrete made with Portland cement. Compressive strength of
concrete replaced with up to 40% GGBS and 25% GBS has increased significantly.
Permeability of concrete decreases with the increase in GGBS content. Split tensile
strength increases with the increase in GGBS content. Average flexure strength of
concrete increases with the increase in GGBS content. Ultrasonic pulse velocity for
all the specimens was found to be excellent and shows no crack or undulations inside
the specimens. OPC mixed GGBS has shown higher setting time; therefore, it is
that concluded de-shuttering period will be higher for OPC + GGBS concrete. So,
the cycle time of concrete will increase. Slump loss is also higher for OPC mixed
with GGBS concrete during summer. Therefore, the higher initial slump is to be
considered during mix design. During winter, slump loss will be less.
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Ground Improvement Using Municipal
Solid Waste Ash

Darin Baruah, Shubham Goel, Chandan Gupta and Anil Kumar Sahu

Abstract Municipal solid waste (MSW) is heterogeneous in nature. As lands for
disposal are not adequate, solid waste is becoming a major environmental problem.
At present, incineration is one of the methods being used in the Ghazipur landfill
for the treatment of municipal solid waste. An experimental investigation is per-
formed to understand the effect on the unconfined compression strength of clayey
soil mixed with different percentages of municipal solid waste. Usually, clayey soils
have low-strength characteristics due to which they are unable to take excessive
loads transmitted on them from the foundation structures. The study outlines the
influence on the properties of soil and its engineering behaviour when ash is used
in different proportions and hence proving it as soil stabilizing material for ground
improvement. The tests results demonstrated good improvement in strength of soil
and showed that MSW ash can be used for ground improvement. The increase in
unconfined compressive strength exceeded 50% as compared to pure soil.
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1 Introduction

The rapid modernization and urbanization are putting more and more stress on our
natural resources, as a result of which we are consuming more of our resources and
producingmuchmorewaste thanwhatwe used to produce several years ago. Safe and
efficient disposal of waste substances has become amajor task. Thesewastematerials
tend to degrade our environment and surroundings, thus leading to environmental
pollution. The recent landfill failures have highlighted the urgent need for the disposal
of municipal solid waste. At present, incineration is one of the methods being used in
the landfill for the treatment ofmunicipal solidwaste. Everyyear, a significant amount
of municipal solid waste is burned, thus leaving municipal solid waste incinerator
ash (MSWI ash) as a by-product. Hence, the ash produced from this waste can be
used for various civil building applications and furthermore to improve the quality
attributes of soil. The qualities of the MSW ash are dependent on the configuration
of municipal solid waste that is burned. Low-quality soils, for example, clayey soils
and expansive soils, show unsuitable designing conduct, similar to high shrinkage,
high dampness vulnerability, high swell potential and low bearing limit. These low-
quality soils can be balanced out utilizing different added substances, for example,
cement, lime and pozzolanic ash.

The longevity and firmness of the structures dependmainly on the strata of the soil.
SinceMSW incinerator ash is a waste material that shows pozzolanic characteristics,
it is suggested that we should try to utilize thisMSW ash for economical stabilization
of poor quality soils.

In the past, several researches have been conducted to incorporate the utilization
of the waste materials like fly ash along with several other additives like cement,
lime, polyester fibres and bitumen for enhancing the engineering properties of soils.
Sivapulliah et al. [1] showed that the pliancy of the black cotton soil decreases,
upon the subsequent addition of fly ash. The degree of change relies on the free
lime content, particle size distribution and pozzolanic reactivity of fly ash. Mirsa
[2] examined the stabilization qualities of clayey soil utilizing class C fly ash and
discovered that stabilization attributes are reliant on the soil mineral composition and
the plasticity of soil. Temimi et al. [3] examined the impacts of incorporation of fly
ash in clayey soil samples. It was concluded that on the addition of fly ash, various
mechanical properties of clay got enhanced. Subsequently, properties like settlement
and the compressibility decreased, whereas the consolidation increased.

Puppala et al. [4] treated two diverse expanding soils with fly ash and fibre rein-
forcement, to improve their quality. Both the strategies ended up being powerful in
enhancing the unconfined compression strength values of the soils. Some researchers
like Erdalcokca [5] and Nalbantoglu [6] conducted experiments and explored the uti-
lization of fly ash (class C) as a soil stabilizer for heaving soils. It was discovered
that fly ash was successful in enhancing the plasticity and structure by diminishing
the swell potential and plasticity index of the expansive soil.
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Prabhakar et al. [7] contemplated various impacts of fly ash upon the strength
characteristics of soils. It was found that incorporation of fly ash enhances the bearing
capacity, cohesion and shear strength of clayey soils, thus making it an economical
soil stabilizer. Phani Kumar and Sharma [8] concluded that by adding fly ash, there
was a decrease in swelling potential and plasticity, but strength and dry unit weight
increased. Amu et al. [9] examined the potential of stabilization of fly ash and cement
mixed with expansive soils. It was concluded that on accumulation of fly ash, the
potential of stabilization of cement in expansive soils improved.

Parsons and Kneebone [10] assessed the field performance of fly ash balanced
subgrades. It was found in their research that with increment in fly ash content, the
soil potency and stiffness increased and a subsequent reduction in swell potential
and pliancy was observed. Misra et al. [11] performed experiments on fly ash–clay
samples and found that the addition of ash in the samples led to an increase in stiffness
and compressive strength, also on the addition of fly ash the California bearing ratio
(CBR) values and swell potential improved notably.

Kate [12] explored the likelihood of utilizing the fly ash as a stabilizer for soil
with or without utilizing lime. It was found that swelling characteristics diminished
as the content of fly ash was increased in the mix; furthermore, the addition of lime
made the value changes more significant. Edil et al. [13] performed experiments to
stabilize soft fine-grained soils using fly ash and concluded that introduction of fly
ash improved the California bearing ratio value aswell as themodulus of resilience of
the inorganic soils. Senol et al. [14] tried stabilizing soft subgrades using fly ash. The
results depicted that incorporation of fly ash improved the unconfined compression
strength (UCS) and California bearing ratio (CBR) values of the soil.

Kumar et al. [15] examined the impact of fly ash, polyester fibres and lime on
strength characteristics of mainly expanding soils. Zha et al. [16] contemplated how
expansive soils react when they are introduced to fly ash. It was seen that when the
content of fly ash was raised, the optimum moisture content (OMC) and maximum
dry unit weight reduced. Bin-shafique et al. [17] analysed that the capability of fly
ash in the long run that led to the stabilization of sub-bases of finely grained soil.
It was observed that as fly ash content was raised, the measurements of unconfined
compression strength (UCS) of soil samples also improved and led to the reduction
of swell potential as well as the plasticity of the soil.

Bose [18] assessed the geotechnical properties when the fly ash was bended with
soil. It was found that optimum moisture content (OMC), plasticity and swelling
characteristics decreased on the addition of fly ash, whereas maximum dry density
(MDD) and unconfined compression strength (UCS) values increased on increasing
fly ash content. Sharma et al. [19] examined the usage of fly ash and lime as a clayey
soil stabilizer. It was concluded that introduction fly ash and lime led to an increase
in the overall strength of the soil sample.

Lin et al. [20] performed a structural study on the influence of fly ash on expan-
sive soils and found that the addition of class C fly ash led to an increment in the
unconfined compression strength (UCS) value of the soil, whereas the pliancy and
swelling characteristics diminished. Calderon Vizcarra et al. [21] analysed the utility
of MSW incinerator ash on foundation of pavement sand concluded that use of fly
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ash enhanced the CBR value and resilient modulus value. Athanasopoulou [22] stud-
ied how introduction of fly ash and lime enhanced the highway subgrade soils and
came to a conclusion that as we are increasing the lime–fly ash admixture, the pli-
ancy is increasing and the liquid limit is decreasing. Further introduction of ash–lime
mixture improved the California bearing ratio value (CBR).

As the composition of raw sewage is different in different places, it is imperative
that the properties of the municipal solid waste ash would vary based on the geo-
graphic location. As such, the objective of undertaking this research is to understand
the efficacy of the MSW ash of the waste-to-energy plant in Ghazipur as a suitable
method of soil stabilization. In this study, the variation of unconfined compressive
strength is analysed on the addition of different percentages of MSW ash.

2 Materials and Methodology

2.1 Materials

The argillaceous soil sample used in the project was gathered from surrounding area
of Chhatarpur, New Delhi, India, and municipal solid waste ash was obtained from
Ghazipur waste-to-energy plant, New Delhi, which receives more than 2000 tons
of Delhi’s municipal solid waste everyday and generates around 12 MW of green
power.

2.2 Methodology

In order to find the strength of soil after mixing it with municipal solid waste ash,
various experimentswere conducted to stabilize it and use it for ground improvement.
Initially, characteristics of the soil were determined by conducting experiments like
proctor test, sieve analysis, specific gravity, plastic limit and liquid limit tests. The
plastic limit and liquid limit were examined inwhich soil was blendedwithmunicipal
waste ash at different proportions to observe the variation in consistency of the mix.

In the second stage, UCS values of the stabilized soil were determined by using
unconfined compression strength testing machine. Firstly, we calculated the UCS
values of the soil and then examine the UCS values of soil blended with certain
percentage of MSW ash.
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Fig. 1 Gradation curve of soil

3 Results and Discussion

Grain size distribution, specific gravity, plastic limit, liquid limit, maximum dry den-
sity, optimum moisture content and unconfined compression strength were founded
on the soil sample. The particle sieve distribution curve below shows the grading of
soil or the distribution of particles of different sizes (Fig. 1).

From the particle size distribution curve, we obtain the values as D10 = 0.043,
D30 = 0.25 and D60 = 1.3. From the above values, we found that the coefficient of
curvature equals to 1.18 which indicates that the soil is well graded.

Many index properties of the soil were listed out keeping inmind all the principles
laid out by the Indian Standard Code of Practice. After the soil was collected, the
moisture content of the soil was calculated by oven-drying method as per IS:2720
(Part 2). The specific gravity of soil was found out using pycnometer method and
MSW ash using Le Chatelier’s method. The specific gravity of soil blended with
MSWashwas also calculated, and itwas discovered that the specificgravity decreases
as the amount of ash increases. The liquid limit was founded out by Casagrande’s
method and then simultaneously the plastic limit using IS:2720 (Part 5). It was
observed through tests that the liquid limit decreases and plastic limit increases as
the percentage of MSW ash increases.

The results of the tests performed are tabulated in the (Table 1):
The proctor compaction test tells about the optimum moisture content and the

maximumdry density. It gives the range ofmoisture that allowsminimumcompactive
effort to obtain better density (Fig. 2).

The unconfined compression strength (UCS) is the maximum axial compressive
stress that a material can withstand or simply the strength of the material. It was
observed that the unconfined compression strength increases as the percentage of
MSW ash increases. The variation in compression strength at different percentages
of ash is shown in Table 2 and Fig. 4 (Fig. 3).
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Table 1 Index properties Property Value

Specific gravity 2.38

Plastic limit 22%

Liquid limit 38%

Plasticity index 16%

IS classification CL

Optimum moisture content 18.75%

Maximum dry density 1.748 g/cc

Specific gravity of MSW ash 1.728

Fig. 2 Compaction curve
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Table 2 Unconfined
compressive strength values
at different percentages of ash

Sample Unconfined compressive strength (kg/cm2)

0% ash 0.940

5% ash 1.034

10% ash 1.120

15% ash 1.224

20% ash 1.318

25% ash 1.450

Fig. 4 Stress–strain
characteristics of soil
at 0% ash
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Now, in order to examine the difference in the compressive strength of soil at
0% ash and 25% ash, unconfined compressive test was performed. For UCS test,
mould is made in which moisture content is equal to the optimum moisture content
of the given sample. With the help of above test, the stress–strain characteristics
graph is obtained which helps to determine the variation in failure strain, initial
tangent modulus, secant modulus and cohesion intercept. It has been indicated by
several researchers earlier that the optimum percentage of ash is 25%, above which
the unconfined compression strength of soil decreases. And it is not feasible to use
more than 25% of MSW ash as we do not have mass production of ash. Therefore,
we have used the percentage of ash up to 25%. The test was carried on the fresh
samples of soil without any curing. The test has been performed in accordance with
the guidelines of IS:2720 Part-10-(1991), RA-2010. The difference in the results is
presented in Table 3 (Table 4 and Fig. 5).
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Table 3 Unconfined
compression strength of soil

Sample details

Initial diameter (cm): 3.80

Initial length (cm): 7.60

Bulk density, g/cc 2.05

Dry density, g/cc 1.73

Moisture content, % 18.3

Results

Unconfined compressive strength, kg/cm2 0.94

Cohesion intercept, kg/cm2 0.47

Failure strain, % 6.6

Table 4 Unconfined
compression strength of 75%
soil and 25% MSW ash

Sample details

Initial diameter (cm): 3.80

Initial length (cm): 7.60

Bulk density, g/cc 2

Dry density, g/cc 1.68

Moisture content, % 19.1

Results

Unconfined compressive strength, kg/cm2 1.45

Cohesion intercept, kg/cm2 0.73

Failure strain, % 3.9

Fig. 5 Stress–strain
characteristics at 25% ash
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4 Conclusion

The study was successfully completed to examine the unconfined compression
strength and other geotechnical properties of soil mixed with MSW ash. The UCS
value increased from 0.94 to 1.45 kg/cm2 by the addition of 25% ash. This is likely
due to the pozzolanic reaction of municipal solid waste ash due to its chemical com-
position and physical characteristics. The use of MSW ash as an admixture in the
stabilization of a clay resulted in stabilized samples with an improved strength more
than 50%of the untreated clay.Hence, it shows that the quality of soil can be improved
by adding ash to it which can further be used as base material for road, structural
landfill or embankment construction. The addition of MSW ash has changed the
physical and compaction characteristics of the soil. More tests are required to study
the chemical composition of the MSW to understand the environmental impact of
using an industrial waste.
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