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Preface 

The urgent global call for sustainable and resilient infrastructure has never been more 
evident. As our societies continue to expand and our infrastructure needs increase, 
the challenge of meeting these demands while minimizing the environmental impact 
becomes ever more pressing. The paramount importance of low carbon materials 
and technologies in achieving a sustainable and resilient built environment cannot 
be overstated. 

This book, Low Carbon Materials and Technologies for a Sustainable and 
Resilient Infrastructure, is a comprehensive compilation of research, insights, and 
advancements in the field. It serves as a vital resource for professionals, researchers, 
policymakers, and anyone invested in building a sustainable future. The chapters 
within this book delve into a wide range of low carbon materials and technolo-
gies that hold promise for mitigating the environmental footprint of infrastructure 
development. From innovative construction materials to energy-efficient technolo-
gies, each chapter provides a deep understanding of the latest advancements in the 
field. The contributors to this book are leading experts from academia, industry, 
and research institutions who have dedicated their efforts to developing sustainable 
solutions. 

The book covers various aspects, including but not limited to low carbon concrete, 
sustainable building materials, green energy technologies, concrete and masonry 
structures, lightweight structures, MCDM methods for selection of construction, 
materials and technologies, green and renewable energy applications in construction 
and operation, repair, retrofitting, and rehabilitation, and life-cycle assessment. The 
chapters explore the potential of these materials and technologies to reduce green-
house gas emissions, enhance energy efficiency, and improve the overall resilience 
of infrastructure systems. By sharing their research findings, the authors aim to 
inspire further innovation and adoption of low carbon approaches in the construc-
tion industry. Furthermore, this book highlights the importance of interdisciplinary 
collaboration in tackling the challenges of sustainability. The integration of knowl-
edge from various fields, such as material science, engineering, architecture, and envi-
ronmental studies, is crucial to developing holistic solutions. By bringing together

v



vi Preface

experts from diverse backgrounds, this book fosters cross-disciplinary dialogue and 
paves the way for future collaborations. 

It is worth mentioning that this book is a product of the dedication and expertise 
of the authors, whose research and insights are at the forefront of sustainable and 
resilient infrastructure development. Their tireless efforts in advancing low carbon 
materials and technologies have contributed to a growing body of knowledge that 
will shape the future of the construction industry. 

We would like to express our deepest gratitude to all the authors for their invaluable 
contributions to this book. Their expertise and passion have made this publication 
possible. We would also like to thank the readers for their interest and commitment to 
sustainable development. It is through your engagement that the ideas and solutions 
presented in this book can be implemented and drive positive change. May this book 
serve as a catalyst for transformative action, inspiring the adoption of low carbon 
materials and technologies to build a more sustainable and resilient world. 

Warangal, India 
Kowloon, Hongkong 
Bengaluru, India 

Rathish Kumar Pancharathi 
Christopher K. Y. Leung 

J. M. Chandra Kishen
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An Analysis on the Material Composition 
in Chettinad Lime Plasters 

Mechineni Shreya, V. S. Athira, Abhishek Tripathi, and Swathy Manohar 

1 Introduction 

Lime is derived from sedimentary rock limestones. Around 6000 years ago, Egyptians 
started using lime as a plaster for the pyramids of Giza, followed by the Greeks and 
Romans [1]. Lime became a prominent building material utilised in various capacities 
throughout the world until the late nineteenth century when Portland cement with its 
lower setting time and higher mechanical strength appeared which caused a decline 
in the use of lime as a binder [2, 3]. Lime is inexpensive, simple to produce, and 
because it makes it simple to control the flow of water in buildings, it helps with 
climate control and energy conservation. It has proven to be very effective both 
economically and environmentally [1, 4]. 

In India, lime has been used as a construction material from residential houses to 
great monuments like The Charminar, Ajanta Ellora Caves, Hampi temples, Mughal 
monuments, etc. India being a land of diversity has an abundance of organic materials 
which were incorporated in making lime plaster according to their availability [1]. 
Rice husk, jute fibres, egg white, sticky rice, jaggery, gum, animal glue, blood of 
animals, plant extracts, and other natural polymers were used as organic materials 
in India. These organic compounds improve the workability, boost overall binding 
capacity, and lessen plaster cracking [5].
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Evidence for the longevity and durability of lime is present around us in the 
form of magnificent art décor and monuments. It is also imperative to note that the 
historic sites are facing threat due to the increasing industrial and traffic activities 
along with heavy tourism [6]. Therefore, the structures are in need of restoration and 
preservation. Restoration of ancient structures with the aid of cement was found to 
be ineffective. This can be owed to the incompatibility of cement in terms of higher 
strength, low porosity, and presence of soluble salts that caused further distress to the 
monuments [3, 6, 7]. Even using lime mortars by themselves in restoration projects 
failed because lime was combined with other additions to enhance its qualities, 
which modern manufacture does not fully understand [3]. To revive the traditional 
lime plasters used, identification and characterisation of the materials are vital to 
produce a lime plaster that is compatible with the original one [8]. 

In ancient times, it was normal practise to include organic materials that were 
naturally available, such as dried seeds, unprocessed sugars, and extracts of locally 
accessible plants, into construction projects [7–9]. Identifying the compositions, 
proportions, and functions of the materials utilised is the main challenge in charac-
terising historical plasters [6]. Additionally, the nature of organic compounds utilised 
in conjunction with lime changes with time, making it more challenging to distin-
guish between the two. It has also been observed that the general level of organic 
additions changes among archaeological periods as well as between different areas 
of the monument [5]. Hence, recreating compatible plasters for restoration work or 
for incorporation in everyday construction requires knowledge about the chemical 
and mineralogical composition, details on the binder type, and gradation of aggre-
gates along with its quantitative composition [5, 10]. There is scant research on the 
characteristics of lime-based mortars because the ancient recipes that are preserved 
do not give us information about how to handle, set, and cure the mortar or plaster. 
As a result, the tradition and techniques used are completely lost after the Industrial 
Revolution in many countries [3]. Therefore, in order to develop a standard for the 
preparation of lime-based mortars and plaster with organic additives, an extensive 
and detailed analysis of the ancient structures built by them is pertinent. While, there 
is a lot of research and application regarding the usage of various additives such as 
fly-ash, ground granulated blast furnace slag (GGBS), and other pozzolanic additives 
for the improvement of the properties of concrete, there is limited research relating 
to the use of organics in construction. But there is record of the usage of various 
organics in archaic times which upon analysis gives us an insight to their composi-
tions and what is the influence of adding additives to the mix. The paper also aims to 
make a case for the benefits of using organics in daily construction by various case 
studies on the structures built in the olden days incorporating organics. 

1.1 Use of Organics in Lime 

The authors Ravi et al. [7] state that the proteins and carbohydrates found in organic 
materials are what have allowed Charminar to survive. Instead of calcite, they get
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converted into alcohols of short chain and stabilise the formation of metastable 
vaterite which is reported to keep the mortar young leading to the durability of 
structures. 

Singh et al. [8] proved through micro-analysis that the lime plaster applied over 
the basalt rock in Ellora caves is a mixture of aerial lime (dolomitic lime), medium-
sized siliceous aggregates with the interesting addition of Cannabis sativa as an 
organic filler suggesting that the knowledge of hempcrete was available in ancient 
times. Singh and Sardesai stated that cannabis was used as an insulating agent and to 
provide strength and durability to the plaster in Ellora cave. As a result, the structure’s 
longevity despite the surrounding factors can be credited to the material’s properties, 
which include hemp’s fibrousness and durability. Hemp’s ability to control humidity, 
prevent the growth of pests, demonstrate fire resistance, and possess hygroscopic 
properties were also very helpful in the preservation of the Ellora caves [11]. 

It can be noted that proteins operate as air entraining agents in fresh mortars 
and boost workability, whereas fat works as a waterproof to mortar and limits the 
water circulation, and carbohydrates on fermentation enhance carbonation within 
the mortar. As they play a crucial role in the development of hydrated phases and in 
resisting environmental degradation, organic materials that are high in carbohydrates, 
proteins, and lipids are typically added to mortars [9]. 

1.2 Influence of Fibres in Lime Plastering 

The addition of plant fibres in mortars and plasters was also a common practice in 
India. Studies showed the existence of jute fibres in the lime plasters used in the 
twelfth century stepwell used in New Delhi, which lowered the shrinkage of the 
materials during setting resulting in crack-free plaster [12]. Jute fibres were quite 
famously used as an additive, and it is a very common natural fibre in India as well 
as China and Bangladesh [13]. According to various researcher’s plant additives, it 
provides flexural and tensile strength, shows resistance to insects, and is antifungal 
and antibacterial [6, 11, 14, 15]. 

The Vadakimnathan Temple at Thrissur, Kerala, is also constructed using laterite 
blocks bonded with lime mortar in which organics were a part of. In the restoration 
works, various herbs like jaggery (unrefined sugar), kadukai (Terminalia Chebula), 
and Oonjalvalli (Cisscus glauca roxb) were added to improve properties like 
carbonation, plasticity of mix, and enhance durability [1, 9]. 

Analysis of the Padmanabhapuram Palace situated in Thuckalay, Tamil Nadu, 
revealed that the addition of herbs like kadukkai (Terminalia Chebula), neelamari 
(Indigofera tinctoria), hibiscus (Rosa sinensis), palm jaggery (Borassus flabellifer), 
and aloe vera (Aloe barbadenis) improved the strength by forming hydrated phases 
and helped in resisting cracks [16]. 

Apart from India, the incorporation of organics into mortar and plaster has been 
practiced all over the world. In China, portions of the old city wall of Nanjing 
were constructed using sticky-rice lime mortar, which could prevent the mortar from
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decaying initially due to the quick lime digestion process during the preparation 
of the mortar and the released heat and active oxygen could help kill bacteria. In 
addition, Ca (OH)2 is converted into CaCO3 in the interior of the mortar slowly. 
Finally, sticky-rice lime mortar has small pores after curing, which lowers the risk 
of decay and loss of organics [6]. Another interesting case is the use of blood lime 
mortar in the making of the base layer of frescoes [6]. The study conducted by Fang 
et al. [17] examined the effectiveness of blood lime mortar and discovered that the 
blood proteins’ crystalline structure and compact skin allowed them to enhance the 
mortar’s strength, water resistance, and weather resistance. Due to their excellent 
water resistance, sticky rice and tung oil were used to build mortar for tombs or 
dams [18]. The enhanced durability and compressive strength of ottoman mortar are 
thought to be the result of the use of organic fibres in the mortar-making process. The 
inclusion of fibres also makes the structures more flexible, increasing their ability to 
withstand earthquakes [14]. 

In addition to the use of natural polymers, there were also reports of using expen-
sive and locally unavailable materials like the usage of latex from rubber plant for 
water proofing on adobe masonry in Africa and South America [19]. 

Since it is obvious that using organic materials was beneficial, their incorporation 
into modern construction projects as well as restoration work should be done without 
a doubt. Organic materials not only improve the properties of mortar and plaster, but 
they are also quite sustainable and lower the total amount of embodied energy because 
they do nott require any energy for production or transportation because they can 
be found nearby. A composite use of organics containing carbohydrates, proteins, 
and lipids will be beneficial based on the needs and resources available because 
proteins give the mortar adhesive and waterproofing properties, while lipids and fats 
improve workability and make mortars more hydrophobic and carbohydrates improve 
the hydraulic component and reduce shrinkage [16]. For instance, the simulation 
materials advised by the researchers Santhanam and Ramadoss were to use 12.5% 
admixture of kadukkai and jaggery, which was found to be near to the old mortar in 
the restoration of the Alamparai fort located in Tamil Nadu and composed of brick 
masonry [20]. 

To better understand the nature of the lime plasters, a composite approach of chem-
ical and mineralogical characterisation by performing analysis like X-ray diffraction 
(XRD), scanning electron microscope (SEM), FTIR, XRF, DTA, and TGA has to be 
carried out. The aim of this study is to analyse Chettinad plaster in terms of chem-
ical and mineral composition. In addition, it is important to consider how organic 
elements affect the characteristics of the mortar or plaster into which they are included 
and to talk about potential raw materials that might be used that are cost-effective, 
environmentally responsible, and energy efficient.
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1.3 The Exceptional Plasters—Chettinad Plasters 

Chettinad, located in the southeast corner of Tamil Nadu, consists of beautiful grand 
residential houses often called mansions or Chettiar palaces. They were founded by 
the mercantile Nattukottai Chettiar Community [21]. The buildings in Chettinad are 
a marvel to look at and study. They were primarily made of eco-friendly materials 
that result in the low embodied energy of the buildings, and hence, studying them will 
prove useful for the construction industry. In the study [22] the authors discuss the 
architectural styles and eco-friendly building materials used in Asthangudi houses, 
which serve to keep the inside cool even when the outside temperature is high. The 
paper presents the preparation of tiles with sand, cement, and baby jelly using bare 
hands, clean glass, and a mould which has stayed intact for over 80 years without any 
need of repair in detail. The machu concept of providing a loft that acts as a store, 
below which wooden beams run through help in reducing the heat transfer within 
the buildings, is also discussed. But the most unique feature of the Chettinad houses 
would be the fascinating use of egg white in plaster with a shiny lustrous finish. 
In addition to the egg white, jaggery and unripe fruit of kadukkai (gallnut) is also 
included. The authors RadhaKrishnan and Priya describe how the Chettinad plasters 
are applied, which entails painting the wall in layers with a mixture of pulverised 
white seashells, liquid egg white, and lime base. The authors say that, “Polishing the 
houses with egg white gave a glossy finish that no paint can replicate.” [22] 

Egg white is used as an additive because it contains protein with a tough, long-
chain molecule similar to those found in plastic polymers and glutinous flour, which 
enhances the binding property of the material in addition to giving it a smooth, 
reflective finish. Egg shells were once used as aggregate and egg white as an additive. 
Egg demonstrates that it is an useful organic material for binding, reinforcing, and 
finishing purposes in construction [23]. The embodied energy of a building depends 
greatly on the building material used. For a sustainable future, one must look at 
the usage of eco-friendly raw materials as they not only provide strength, but they 
come with additional benefits like the smooth finish provided by the addition of 
egg white. With the rate of degradation accelerating and our culture and values 
vanishing alongside it, the need to preserve and restore historic buildings is more 
urgent than ever. As can be seen, lime is the oldest construction material, has the 
most versatility, and has a structure that has withstood the test of time and significant 
climatic changes, demonstrating that it is a superior and safer building material than 
the Portland cement currently in use. Therefore, it is essential to restore lime to 
the construction sector with necessary modifications. The purpose of this work is 
to analyse the ancient Chettinad lime plasters to understand the composition and 
properties, in order to demonstrate the need for additional study on such plasters as 
well as increased initiative to use organic lime plasters and mortars in construction.
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Table 1 Details of the samples collected from the two buildings and their locations in said buildings 

Label Building 
number 

Location 

S11 1 The sample was taken from the courtyards inside wall, located on the ground 
floor of the first building 

S12 1 The sample was taken from a bedroom inside wall on the first floor of the first 
building 

S21 2 The sample was taken from one of the pillars near the second building’s main 
entrance 

S22 2 The sample was taken from the first-floor bedroom’s roof of the second 
building 

2 Materials and Methods 

Sample Collection: The lime mortar–plaster considered in this study has been 
collected from two residential buildings belonging to the town of Sathyamangalam, 
Erode in the state of Tamil Nadu. The study considered the analysis of four samples 
from two buildings. Two samples from each of the buildings were collected and 
labelled as S11, S12, S21, and S22. 

Test methods: The four samples (see Table 1) utilised in the experiment are exam-
ined using scanning electron microscope (SEM) and X-ray diffraction (XRD) tech-
niques. The XRD technique can be used to determine the mineral composition of 
the binder and aggregate used to make the lime mortars and plasters. Powder XRD 
(PXRD) patterns of the four lime plaster samples were recorded on a Rigaku Smartlab 
9kw diffractometer using Cu Kα radiation at 10° to 60° 2θ angles and subsequently 
analysed using Topaz software. The four samples are analysed using SEM and EDS 
to determine the morphologies, microstructures, and chemical makeup of plasters. 

3 Results and Discussion 

3.1 XRD Results 

XRD analysis helps us in studying the mineral composition of the samples collected. 
All the samples show a high percentage of quartz indicating the usage of river sand 
in the making of the lime plaster. Traces of calcium aluminates and magnesite were 
found from S11 and S12 indicating that pure limestones were not used as raw mate-
rials as observed in Figs. 1 and 2. This is also confirmed from the EDS mapping. 
Existence of small amount of Mg and Al indicate that hydraulic lime was used as 
the primary raw material. Aragonite, a polymorph of CaCO3, was identified only in 
the first sample S11, and no trace is detected in the other samples considered, but 
this does not indicate that it does not exist in the samples, only that they were not
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Fig. 1 XRD spectrum of sample S11

present in adequate amounts to be detected. Low percentages of Feldspar are also 
observed in the sample. Further trace amounts of berlinite and sodium zirconate are 
detected in sample S21 and S22 proving both the samples have an approximately 
similar composition in terms of the minerals present, as observed in Figs. 3 and 4. 
Calcium carbonate is a prominent binder of ancient lime plaster mostly existing in 
the form of calcite [24]. The study of phase and morphology of CaCO3 is important 
for evaluation of the performance of mortars or plasters [24, 25]; it provides us with 
valuable information on what effect time and environment has on it. 

3.2 SEM Analysis Results 

Scanning electron microscopy (SEM) analysis coupled with EDS was done for all 
four plaster samples. The analysis results along with XRD correlations give better 
insight into the material morphology. Figure 5 shows the SEM image of plaster 
sample S11. The existence of rhombohedral crystals is evident that confirms the 
presence of calcite [26]. The EDS results show the presence of Si and Al in the sample 
and hence can be confirmed that the lime employed was hydraulic lime. Figure 6 
shows the SEM of the sample collected from the same building at a different location 
(S12).

The nodule-like structures (marked in red in Fig. 6) present in the sample possibly 
show the presence of calcium-alumino-silicate-hydrate (CASH) [27].
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Fig. 2 XRD spectrum of sample S12 

Fig. 3 XRD spectrum of sample S21
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Fig. 4 XRD spectrum of sample S22

Fig. 5 SEM images of sample S11

Traces of magnesium carbonate were also found in the XRD analysis, thus 
indicating the use of impure limestones as raw materials. 

Figure 7a, b shows the SEM images of samples S21 and S22. From EDS presence 
of Ca, Al and Si were observed. This indicates that the lime used was hydraulic in 
nature. The yellow marking on Fig. 7a indicates the presence of hexagonal portlandite 
crystals. The crystals present on top of portlandite can be precipitates of calcite.

The presence of unreacted portlandite can be attributed to the dense calcite precip-
itated at the surface, blocking the passage of CO2. Figure 7b also shows  the SEM
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Fig. 6 SEM images of sample S12

Fig. 7 SEM images of sample S21 (a) and  S22 (b)

image of building 2. The presence of dense calcite crystals as well as CASH gel can 
be noted. However, Mg was absent in samples S21 and S22. 

4 Conclusions 

1. The revival of lime is essential for the repair and conservation of heritage struc-
tures. Understanding of the materials used for the construction of ancient struc-
tures will help in their effective repair as modern materials are observed to be 
incompatible with the authentic traditional materials.
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2. The works give an introduction on the various traditional materials used for the 
making of ancient structures that have been staying for long. 

3. The present work gives an insight into the materials used for the smooth, glossy 
plasters used in Chettinad buildings. The work concludes that the plastering 
material was hydraulic lime added with organic additives. 

4. The presence of high amount of Si and Al along with calcium, as observed from 
XRD and SEM–EDS, confirms the application of hydraulic lime. The presence of 
magnesite also confirms the presence of traces of Mg present in the raw limestone 
used. 

5. SEM micrographs show the different forms of calcite precipitated and C–A–S–H 
formed. 

6. The understanding on this will aid in the repair of plasters; also the same can 
be used for commercial purposes as they give an excellent aesthetic appearance 
along with thermal comfort. 
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Appraisal of Mechanical Properties 
of Fly Ash-Based Geopolymer Mortar 
Augmented with GGBS and Graphene 
Oxide 

B. Rajmohan , Nalla Harish , R. Ramesh Nayaka , and Kim Hung Mo 

1 Introduction 

Cement concrete is a very popular and long-lasting construction material in practice 
since decades. But, the cement, a main binding matter in concrete, is inducting 
hazardous impact on the environment by releasing massive amounts of carbon dioxide 
[1, 2]. To minimize the ill effects of cement usage, several attempts are made in 
the past to find an alternate binder to replace the cement. Consequent results of 
these efforts have emerged geopolymer binders as promising future binder materials 
[3, 4]. The strength development in geopolymer binders occurs by the formation 
of aluminosilicate gel during the reaction between alumina and silica available in 
the precursor material and the alkaline solution [5–8]. Fly ash, an industrial waste, 
comprises a good amount of alumina and silica that makes it suitable to use as 
a precursor material for geopolymer binders. However, the previous research has 
indicated that the pace of geopolymerization reaction with fly ash (as a precursor) 
is very gradual and needs to be fastened to facilitate early high strength attainment 
[9, 10]. Byproduct of steelmaking facilities, ground granulated blast furnace slag 
(GGBS), is widely accessible and contains significant amounts of alumina and silica. 
Use of GGBS as a basic raw constituent for geopolymer binders makes it to set quickly 
and helps in achieving high early compressive strength [11]. Though, GGBS is useful 
in attaining high initial strengths, it creates some issues with fluidity, initial setting 
time, and volume stability [12]. Further, in the recent days, many researchers are 
looking toward to make use of benefits of nanomaterials for improving the properties
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of several construction materials. Nanoparticles help to alter the microstructure of 
geopolymer binders at the atomic level leading to significant improvement in its 
fresh and hardened characteristics. Graphene oxide is one such nanomaterial, widely 
chosen for use in concrete to investigate its impact on initial, hardened, and long-term 
attributes of concrete [13]. Therefore, the current work uses a mixture of GGBS and 
fly ash as a precursor to create geopolymer mortars that also contain graphene oxide 
as a performance enhancer to amend strength properties of geopolymer binder. 

2 Materials and Methods 

2.1 Material Constituents and Mixture Design 

For making the geopolymer mortar, fly ash with GGBS mixture was employed as 
precursor source. Fly ash and GGBS were delivered by the Ramagundam thermal 
power plant and Astrra Chemicals, Chennai, respectively. Sodium hydroxide pellets 
(NaOH) and sodium silicate solution (Na2SiO3) were also acquired from Astrra 
Chemicals, Chennai. As a filler for the geopolymer mortar, river sand was used that 
had a specific gravity of 2.55 with water absorption at 1.11%. Graphene oxide (GO) 
was procured from Vruksha composites, Tenali, Andhra Pradesh. Superplasticizer, 
Conplast SP 430, was used to attain the requisite consistency of mortar along with 
the potable water. Table 1 lists the physical characteristics and oxide compositions 
of base constituents and GO. Pictures of all ingredients selected for experiment are 
displayed in Fig. 1. 

The parametric principles listed in Table 2 were used to design the mixture 
proportions for geopolymer mortar.

Initial trial mixtures were designed to determine an optimum percentage of fly 
ash to be replaced by GGBS to attain enhanced mechanical properties in comparison

Table 1 Physical and chemical characteristics of materials 

Physical characteristics of materials Name of the material 

Fly ash GGBS Graphene oxide 

Specific gravity 2.17 2.91 0.48 

Oxide composition (% by mass) 

SiO2 61.35 39.85 2.06 

Al2O3 14.23 22.83 – 

Fe2O3 19.76 6.31 0.94 

CaO 0.21 26.14 2.38 

MgO 2.91 3.67 17.00 

SO3 – – 75.41
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Fig. 1 Materials used to cast the geopolymer mortar

Table 2 Parametric particulars of mixture proportion 

Density of geopolymer mortar mix 2200 kg/m3 

Alkaline solution Combination of NaOH and Na2SiO3 

Molarity of NaOH solution 12 M 

Na2SiO3 to NaOH ratio 2.5 

Ratio of alkaline liquid to binder 0.45 

Fine aggregate to binder ratio 1.45

with the geopolymer mortar made of fly ash alone. Mixture design details are as 
given in Table 3. 

Based on the tests conducted for mechanical properties, it was noticed that the 
substitution of fly ash by GGBS at 30% would give better results. So, for such 
mixture, GO was incorporated at different weight percentages of binder to further

Table 3 Mixture types for optimizing replacement level of fly ash by GGBS 

Mix 
type 

Binder (kg/m3) River 
sand 
(kg) 

Alkaline liquid (kg/m3) Water 
(kg/m3) 

SP (kg/ 
m3)FA GGBS Total NaOH Na2SiO3 Total 

M0 724.13 0 724.13 1050 93.14 232.85 325.99 72.41 28.96 

M10 651.72 72.41 724.13 1050 93.14 232.85 325.99 72.41 28.96 

M20 579.30 144.82 724.12 1050 93.14 232.85 325.99 72.41 28.96 

M30 506.89 217.24 724.13 1050 93.14 232.85 325.99 72.41 28.96 

M40 434.48 289.65 724.13 1050 93.14 232.85 325.99 72.41 28.96 

M50 362.06 362.06 724.12 1050 93.14 232.85 325.99 72.41 28.96 
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Table 4 Mixture proportions for optimizing % of GO 

Mix 
type 

Binder (kg/m3) Graphene 
oxide (%) 

River 
sand 
(kg/ 
m3) 

Alkaline liquid (kg/m3) Water 
(kg/ 
m3) 

SP 
(kg/ 
m3) 

FA GGBS Total NaOH Na2SiO3 Total 

MG1 506.89 217.24 724.13 0.05 1050 93.14 232.85 325.99 72.41 28.96 

MG2 506.89 217.24 724.13 0.10 1050 93.14 232.85 325.99 72.41 28.96 

MG3 506.89 217.24 724.13 0.15 1050 93.14 232.85 325.99 72.41 28.96 

enhance the strength of mix. Table 4 displays the various mix proportions used to 
produce the GO-based geopolymer mortar. 

2.2 Preparation of Alkaline Solutions and Casting 
of Specimens 

NaOH solution of 12 M concentration was prepared well in advance and was cooled 
to the room temperature before adding requisite quantity of Na2SiO3 solution to it. 
This alkaline liquid was formed at least 1 day before it was used in geopolymer 
mortar mix. All the dry materials were initially poured into the pan mixer and mixed 
thoroughly to attain a uniform mixture. Predetermined amount of readily available 
alkaline solution, water, and superplasticizer were put into the homogeneous mixture 
followed by the mixing for another three minutes to get fresh geopolymer mortar. 
Such produced geopolymer mortar was poured into molds for casting test specimens. 
The specimens were demolded after a day and left to air dry until testing. For mixes 
with GO, weighed quantity of GO was dispersed into distilled water using ultrason-
ication, and the mixture was added to geopolymer mortar mix along with alkaline 
solution. 

2.3 Testing of Mortar Mix and Cast Specimens 

Initial setting time of fresh mortar mix was estimated using Vicat’s apparatus as per 
IS-12269. Compression strength was evaluated in accordance with IS 4031-part-6 
by casting and testing specimens measuring 70.6 mm × 70.6 mm × 70.6 mm at 3, 7,  
and 28 days [14]. For assessing flexural strength, prisms of size 40 mm × 40 mm × 
160 mm were casted and tested as per IS 516-6 [15].
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3 Results and Discussions 

3.1 Influence of GGBS on Initial Setting Time of Fly 
Ash-Based Geopolymer Mortar 

The consistency of geopolymer mortar, which contained solely fly ash, was sufficient 
at the fixed dosage of superplasticizer. But upon the addition of GGBS, to replace 
some portion of fly ash in the mix, produced a relatively stiffer mix that can be 
attributed to the faster setting of slag [16]. The increasing amount of GGBS decreased 
the initial setting time. Deviation in initial setting time with GGBS content is shown in 
Table 5. Deviation in initial setting time with change in GGBS content is graphically 
depicted in Fig. 2. 

Table 5 Variation in initial  
setting time with GGBS 
content 

Mix type Binder content (%) Initial setting time (min) 

FA GGBS 

M0 100 0 235 

M10 90 10 216 

M20 80 20 187 

M30 70 30 153 

M40 60 40 134 

M50 50 50 128 
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Fig. 2 Variation of initial setting time with increasing GGBS content
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3.2 Influence of GGBS Content on Compression Strength 
of Fly Ash Made Geopolymer Mortar 

Compressive strength of geopolymer mortar using fly ash as the only source mate-
rial increased as the GGBS percentage was increased. The formation of calcium 
alumino silicate hydrates (C–A–S–H) gel from the complete hydration of calcium 
oxide contained in GGBS is primarily responsible for the increase in strength [13]. 
Maximum compressive strength of up to 46.80 MPa has been attained at 28 days 
for 50% replacement level of GGBS as shown in Table 6. However, based on the 
minimum strength requirement criteria of 25 MPa at 28 days, a replacement level of 
30% is taken into consideration for further inquiry. Figure 3 illustrates the variance 
in compressive strength graphically. 

Table 6 Compression test 
values of mortar added with 
GGBS 

Mix type Compressive strength (MPa) 

3 days 7 days 28 days 

M0 11.29 16.58 20.36 

M10 10.43 13.03 18.19 

M20 12.18 15.45 20.95 

M30 16.24 21.59 25.28 

M40 24.87 29.65 36.63 

M50 29.09 34.75 46.80 

11
.2

9 16
.5

8 

20
.3

6 

10
.4

3 

13
.0

3 18
.1

9 

12
.1

8 

15
.4

5 20
.9

5 

16
.2

4 21
.5

9 

25
.2

8 

24
.8

7 29
.6

5 36
.6

3 

29
.0

9 34
.7

5 

46
.8

 

0 

10 

20 

30 

40 

50 

3 Days 7 Days 28 Days 

C
om

pr
es

si
ve

 S
tre

ng
th

 (M
Pa

) 

Curing Period 

Variation of Compressive Strength with GGBS 
Content 

M0 M10 M20 M30 M40 M50 

Fig. 3 Variation of compressive strength with GGBS content



Appraisal of Mechanical Properties of Fly Ash-Based Geopolymer … 21

3.3 Influence of GO on Initial Setting Time of Fly 
Ash–GGBS-Based Geopolymer Mortar 

Now, for mix M30, GO was incorporated at 0.05, 0.10, and 0.15 %wt binder for 
ascertaining properties both at fresh and hardened conditions. It was discovered 
that adding GO directly affected the initial setting time of the geopolymer mixture. 
Because GO’s higher specific surface area absorbs more water, causing a loss of 
consistency and a quicker setting time, the initial setting time began to decrease as 
GO content increased [17]. Values of initial setting time are as shown in Table 7 and 
are within limits as per standard requirements. Graphical presentation of results is 
shown in Fig. 4. 

Table 7 Variation in initial setting time with GO content 

Mix type Binder content (%) GO (%) Initial setting time (min) 

FA GGBS 

M30 70 30 0.00 153 

MG1 70 30 0.05 107 

MG2 70 30 0.10 92 

MG3 70 30 0.15 79 
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Fig. 4 Variation of initial setting time with increasing GO content
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3.4 Influence of GO Content on Compression Strength of Fly 
Ash–GGBS Geopolymer Mortar 

The fly ash–GGBS geopolymer mortar’s compressive strength was increased to 
28.73 MPa after 28 days by adding GO, up to 0.10 %wt. of binder. The very small size 
of the GO particles speeds up the reaction process, resulting in a denser microstruc-
ture. Denser microstructure gives a higher compressive strength to the binder material 
[18, 19]. However, the compressive strength started decreasing beyond 0.10 %wt 
of binder that could be due to ineffective dispersion of GO into the mixture. The 
average compressive strength figures for the geopolymer mortar with GO are shown 
in Table 8. Figure 5 displays the compressive strength trend over time with various 
GO percentages. 

Table 8 Compressive 
strength values of mortar mix 
with addition of GO 

Mix type Compressive strength (MPa) 

3 days 7 days 28 days 

M30 16.24 21.59 25.28 

MG1 17.90 23.48 27.90 

MG2 18.43 24.96 28.73 

MG3 14.14 17.70 21.36 
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Fig. 5 Compressive strength variation with GO content
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3.5 Influence of GO Content on Flexural Strength of Fly Ash 
Made Geopolymer Mortar 

Finally, GO-incorporated fly ash–GGBS geopolymer mortar’s flexural strength was 
contrasted with that of geopolymer mortar made only of fly ash. It was determined that 
the inclusion of GO caused the flexural strength to increase by 16.18% at 28 days. 
In the alkali activation reaction, GO functions as a catalyst to speed up mass and 
electron transfers that encourages the quicker dissolution of amorphous phases of 
aluminosilicate source materials resulting faster formation of geopolymer gel. So 
produced geopolymer gel fills the nanoscale pores with self-absorbed zeolites giving 
improved flexural strength [19]. On the other side, uniformly dispersed finer GO 
particles provide a denser microstructure through strong bonding, which enhances the 
geopolymer mortar’s overall mechanical capabilities [20]. However, the percentage 
increment in flexural strength decreased as curing period increased. The findings of 
the tests are summarized in Table 9 and graphically displayed in Fig. 6. 

Table 9 Flexural strength 
values of mortar mix with 
addition of GO 

Mix type Flexural strength (MPa) 

3 days 7 days 28 days 

M0 1.694 2.170 2.608 

MG2 2.048 2.573 3.030 
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Fig. 6 Variation of flexural strength with GO content
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Table 10 Carbon emission analysis for fly ash–GGBS–GO-based geopolymer mortar (per m3) 

Mortar type Ingredients 
required 

Carbon 
emission 
factor 

Quantity of 
ingredients 
required (kg) 

Quantity of 
carbon dioxide 
emission (kg) 

Total quantity 
of carbon 
dioxide 
emission (kg) 

Cement mortar OPC 0.8800 550 484.00 577.33 

River sand 0.0139 1650 22.93 

Water 0.3200 220 70.40 

Fly ash-based 
geopolymer 
mortar with 
GGBS and GO 

Fly ash 0.0000 506.89 0.00 314.293 

GGBS 0.0260 217.24 5.65 

River sand 0.0139 1050 14.59 

Sodium 
hydroxide 

1.1200 93.14 104.31 

Sodium 
silicate 

0.7100 232.85 165.32 

Water 0.3200 72.14 23.17 

GO 1.710 0.724 1.23 

3.6 Carbon Emission Analysis for Cement Mortar and Fly 
Ash–GGBS–GO Made Geopolymer Mortar 

Total carbon emission in terms of kilograms per cubic meter of cement mortar and 
geopolymer mortar were analyzed based on the carbon emission factors of variety 
of required ingredients [9, 21], and calculations are given in Table 10. Results of the 
analysis have defined that fly ash–GGBS–GO-based geopolymer mortar releases at 
least 45% lesser carbon dioxide than that of the conventional cement mortar. Hence, 
the geopolymer can be branded as an environment-friendly mortar. 

4 Conclusions 

This study investigated on sustainable geopolymer mortar containing fly ash, GGBS, 
and carbon-based nanomaterials. The following conclusions are made in light of the 
study:

• GGBS having higher specific gravity than fly ash and containing high amounts 
of Al2O3 and CaO as compared to fly ash, GGBS is proven to be a potential 
binary binder for geopolymer mortar that could improve mechanical properties 
and increase the sustainable benefits.

• Adding GGBS speeds up the setting process and quickly achieves the desired 
compressive strength in the fly ash-geopolymer mortar.
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• Incorporation of GO to fly ash-geopolymer mortar would reduce the setting period 
and impart higher compressive strength by forming denser microstructure

• GO fills the micropores of fly ash–GGBS geopolymer mortars and enhances 
flexural strength

• Fly ash–GGBS–GO made geopolymer mortars release at least 45% less carbon 
dioxide as compared to conventional cement mortar and hence proved to be 
environment-friendly mortar 

The mechanical properties of fly ash-based geopolymer mortar have been signifi-
cantly improved by the combined effects of GGBS and GO. However, it is important 
to investigate how well GO works in terms of mortar durability. Therefore, more study 
is necessary to determine how long GO integrated fly ash–GGBS made geopolymer 
mortars can last. 
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Study of Ambient Cured Fly 
Ash-GGBS-Metakaolin-Based 
Geopolymers Mortar 

Banoth Gopalakrishna and Dinakar Pasla 

1 Introduction 

The use of waste materials or industrial by-products as a geopolymer binders in the 
development of GPC cement is gaining traction as a result, reduce the extreme use 
of natural resource materials in the manufacture of ordinary Portland cement (OPC). 
These industrial by-products material includes ground granulated blast furnace slag 
(GGBS), rice husk ash (RHA), fly ash (FA), and metakaolin (MK) as a binder in GPC 
cement [1]. Because there is such a huge demand for concrete, which generates a lot 
of carbon dioxide (CO2) emissions, the construction industries are unable to totally 
replace the use of OPC with alternative cementitious materials. The utilization of 
natural deposits for the production of cement and concrete has led to an environmental 
destruction since natural resources are continually being depleted. The present global 
annual cement consumption may exceed 4 billion tons by 2020 [2]. According to 
reports, GPC cement is substantially more environmentally friendly than OPC in 
terms of decreased manufacturing energy requirements and reduced CO2 emissions. 
The CO2 emission from geopolymer mortar may be decreased if emissions during 
the production of geopolymer mortar. 

Sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions combined 
with various Na2SiO3 to NaOH mass ratios seem to be the most often used alkaline 
activators [3]. Similar to zeolites, geopolymers may be developed by a numerous 
different reaction step, from early pozzolanic polymerization to formation of final 
microstructure. Numerous variables depending on the chemical constituents of
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the alkaline activator content (AAC), by-product materials, and curing conditions 
impact the development of compressive strength (CS) and the chemical response 
of geopolymer concrete. FA-based geopolymer mortar required to oven curing for 
polymerization of mortar. The molds were taken out of the oven and kept at room 
temperature while the samples conducted CS testing [4]. GGBS used in FA-based 
binder to develop ambient temperature curing geopolymer mortar, and increase CS 
compare to FA-based geopolymer mortar [5, 6]. 

MK was employed in the primary development of GP and is used as a raw material 
because of its pure alumina silicate content. Naturally, MK is a pozzolanic substance 
that is produced by calcining kaolinitic clay at temperatures between 500 and 800 °C. 
Comparing OPC with MK reveals that it is also more ecologically friendly since it 
needs a minor calcining temperature during manufacture and 80–90% of CO2 lesser 
[7]. MK produces more geopolymerization and is a rich resource of Al2O3 and 
SiO2, it is highly reactive combination with AAC. The CS of GPC mortar might be 
enhanced, according to Islam et al. [8] research, by increasing the amount of GGBS 
in the matrix that included FA. The mechanical characteristics of the MK-based 
GPC were increased by the addition of calcium (Ca) from different sources binder 
materials. In order to characterize alternate cementitious materials, Davidovits [9] 
developed a binder in 1978 called geopolymer. Concrete produced of geopolymers, 
such as fly ash, GGBS, and metakaolin, is an alternative to traditional concrete. 

This study’s primary objective was to observe into the production of GPC mortar’s 
CS utilizing two locally accessible waste materials as binders: GGBS, FA, and 
MK. Investigation and reporting were done changing the proportions of these three 
binders’ material how affected on the CS. By varying the binder doses while main-
taining the same ratios for other elements including sand and AAC, the optimum CS 
of the cube specimen was found. FA, GGBS, and MK are environmentally friendly 
geopolymer cement pastes that don’t release greenhouse gases during the polymer-
ization process and are rich in silica and alumina. AAC may be used to provide the 
reaction between the materials a binding character. The geopolymer cement paste 
applicable to repair the heritage structures. 

2 Investigation of Raw Materials and Mixing Procedure 

2.1 Materials 

Fly ash: In this study, the alumina silicate source material used to make the geo-
polymeric binder was FA. Low calcium FA from the NALCO plant in Odisha, India, 
was used in this investigation. The chemical content of FA as exanimated by X-ray 
fluorescence (XRF) analysis given in Table 1.

Ground Granulated Blast Furnace Slag (GGBS): GGBS is one of the sources of 
by-products needed to produce a cement-free binder. Because it has both pozzolanic
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Table 1 XRF analysis of geopolymer cement binder 

S. No Oxide Dry weight (%) 

FA GGBS MK 

1 SiO2 50.13 35.32 53.3 

2 Al2O3 27.28 15.63 40 

3 Fe2O3 9.28 1.56 4.21 

4 CaO 3.25 40.15 0.43 

5 Na2O 1.12 0.21 0.13 

6 K2O 2.82 0.52 0.51 

7 MgO 1.52 6.54 0.09 

8 Other oxides 1.76 1.02 0.64 

9 LOI 2.9 0.41 0.69

and cementitious properties, GGBS differs from supplementary cementitious mate-
rials. The hydraulic action of GGBS is developed when it reacts with water [10]. 
The presence of calcium, alumina, and silicates in GGBS, which together consti-
tute for about 90% of the substance, indicates that it satisfies the requirements for a 
pozzolanic material. 

Table 2 lists its physical properties, while Table 1 illustrates the GGBS’s chemical 
composition. 

Metakaolin: The metakaolin (MK) utilized in this investigation manufacture from 
kaolin that had calcined for 3 h at 650 °C. It had a slight cream to it, and this is due to 
MK’s mild acidity caused by dihydroxylation during calcination. It is an extremely 
reactive pozzolanic mineral additive with many possibilities in the development of 
geopolymer mortar composites. 

Tables 2 and 1 give the physical properties and chemical composition of MK. 

Fine aggregates: River natural sand is commonly used as fine aggregate grading stan-
dards and is usually clean. They’re utilized in geopolymer cement paste to improve 
homogenous mix. Natural sand is that can only be obtained from local river and 
utilize in present experiment, and with a specific gravity of 2.63.

Table 2 Physical properties of geopolymer cement binder 

Material properties Units FA GGBS MK 

Color Grayish white Off white Cream 

Specific surface area m2/kg 390 430 15,000 

Moisture % < 0.1 < 0.1 < 0.212 

Specific gravity 2.1 2.83 2.59 

Bulk density kg/m3 995 1200 357 
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Table 3 Chemical composition of NaOH and Na2SiO3 

Properties Sodium hydroxide solution Sodium silicate solution 

Molecular formula NaOH Na2SiO3 

pH 13–14 11.42 

Specific gravity 2.2 1.36 

Molecular weight (g/mol) 40 122.06 

Color White Clear colorless 

Density (g/cm3) 2.14 1.39 

SiO2 – 29.90 

Na2O (%) 45.71 10 

H2O (%) 54.29 60.8 

Alkali activator solutions: Geopolymers are inorganic polymeric compounds 
produced from source materials rich in silicates and aluminates. The polymeriza-
tion process has a complex aluminosilicate gel when these raw ingredients activate 
with an alkaline solution. The amount of alkaline solution employed influences the 
geopolymerization approach significantly. The effect ratio of Na2SiO3 to NaOH and 
the molarity of NaOH on the synthesis of a FA- and GGBS-based geopolymer mortar 
was studied. The samples with a Na2SiO3 to NaOH ratio of 1.5, and 16 M NaOH had 
the maximum CS. Soluble alkalis, the majority of which are sodium or potassium-
based, help compensate for the alkaline activator solution. The most popular alkaline 
activator for GPC processing is sodium hydroxide (NaOH) in association with sodium 
silicate (Na2SiO3) [11]. Table 3 provides the characteristics of sodium-based alkali 
activator solutions utilized in this investigation, including chemical composition and 
specific gravity. 

2.2 Mixing Methodology 

There were four different mixes developed. The mix proportions for each geopolymer 
mortar are given in Table 4. The preparation of the mixtures involved various 
percentage of FA, MK, and GGBS content. The AAC and natural sand were main-
tained constant in order to study the impact of the binders. All of the mixes were 
maintained at a 1:3 binder to fine aggregate content ratio. The MK, FA, and GGBS 
ternary binders were mixed with the sand in a bowl mixer under low-speed condi-
tions for about 5 min. In the following five minutes, the alkali activator solution was 
added gradually while maintaining the same speed. After that, the mortar was poured 
in three phases with the proper compaction using molds that were 70.6 mm in size. 
For every mix proportion, total of 12 specimens were cast. A rod and vibrating table 
were used to vibrate the samples with standard compaction in order to remove the 
entrained air and bubbles. Following casting, plastic film was used to cover the 100%
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Table 4 Percentages of 
binder in mixtures Mix ID Binders (%) 

Fly ash GGBS MK 

M1 100 0 0 

M2 70 30 0 

M3 60 30 10 

M4 55 30 15 

FA specimens and the molds to prevent water loss during the 24-h, 60 °C oven curing 
process. After that, the remaining mix specimens were kept in ambient temperature 
conditions, until the day of the test. 

3 Results and Discussions 

3.1 Compressive Strength of Geopolymer Cement Paste 
Replacement with GGBS and MK 

The CS of hardened GPC mortar is the primary indication of the performance of 
substitute source materials, since it provides a fundamental description of the quality 
of geopolymerization product. Figure 1 depicts the development of CS at 7, 28, 56, 
and 90 days. The methodology states that the specimens made completely of FA 
were oven cured at 60 °C temperature for 24 h. The time required for heat treatment 
to reach high strength may be shortened by curing at 60 °C temperature. Moreover, 
it can be observed in Fig. 1 that using 100% FA in GP mortar results in a reduced CS. 
When a proportion of FA is replaced with GGBS, the CS improves. The CS, however, 
was adversely affected by an increase in FA over 55%. Therefore, the quantity of 
Ca and Al2O3 had a more impact on the mortar’s CS [12]. Figure 1 shows that mix 
16M30G15MK, which comprised 15% MK, 30% GGBS, and 55% FA and was cured 
at room temperature, provided the maximum CS around 61 MPa could be reached, 
however, decreased CS when the MK was reduced from 15 to 10% and the FA 
was subsequently raised. As can be observed, this pattern maintained until the MK 
decreased to 0%. Furthermore, the inclusion of MK enhances the CS. This might be 
due to the fact that the Si/Al ratio changes throughout the geopolymerization process 
[13]. The majority of the specimens obtained between 40 and 49% of the 90-day CS, 
as can be shown by a comparison of the 7-day test results with that CS.
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Fig. 1 Compressive strength of geopolymer mortar at various % of GGBS and MK 

3.2 Evaporation Studies 

The results of the gel and capillary porosity tests for various geopolymer binder 
mortar mixes are illustrated in Fig. 2. It is evident that the majority of the mortar 
has a comparable volume of gel porosity, ranging from 5.5 to 15.33%. The amount 
of MK used has a significant impact on the gel porosity, which is the primary factor 
affecting the porosity of the mortar. Moreover, a decrease in MK percentage leads 
to a reduction in capillary porosity, possibly due to a decrease in the amount of 
porous material in the mortar mix and an increase in the amount of binder material. 
This trend has already been observed in concrete [14, 15]. The Mix M4 has less 
capillary porosity than the Mix M1, as shown in Fig. 2. Furthermore, the addition 
of GGBS and MK significantly decreased the gel porosity of the system, which may 
be attributed to their ability to microfill and generate extra CASH and CSH gel and 
obtained the maximum CS. Although GGBS and MK are more effective at reducing 
gel porosity, their inclusion in the system had little impact on capillary pores. In 
the case of geopolymer mortar, a more thorough understanding of the evaporation 
process is necessary to determine porosity accurately.
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Fig. 2 Gel/capillary porosity of geopolymer mortar 

The evaluation criteria established by the Concrete Society (CEB, 1989) were 
utilized to compare the obtained outcomes. Figure 3 depicts the results of the absorp-
tion investigation for all the geopolymer mortars. The figure illustrates the changes 
in absorption for geopolymer mortars with varying percentages of GGBS and MK 
replacements. The results also reveal that the M4 mix has an insignificant effect on 
the absorption of geopolymer mortar. The absorption characteristics of these mixes 
indicate that even though the strength and AAC binder ratio may differ, the absorption 
properties fall within a limited range.



34 B. Gopalakrishna and D. Pasla

M1 M2 M3 M4 
0 

2 

4 

6 

8 

10 

12 

14 

A
bs

or
pt

io
n 

af
te

r 
im

m
er

sio
n 

(%
) 

Mix ID 

Fig. 3 Water absorption of geopolymer mortar 

4 Conclusion 

The CS of GPC mortar increased up to 30 MPa at the age of 28 days, whereas GPC 
mortar with 100% FA provides 60 °C oven curing at 24 h. In effort to accomplish the 
48 MPa CS desired, the combination of FA and GGBS can be employed to develop 
GPC cement paste without the need of heat. The MK content up to 15%, GGBS up to 
30%, and FA up to 55% exhibited the maximum CS and good durability among the 
mixes. Additionally, it can be inferred that the maximum combined proportions of 
MK, FA, and GGBS may be utilized to achieve a sustainable building material that 
can take the place of OPC in the manufacture of GPC mortars that are ecologically 
beneficial. 
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Microstructure and Mechanical 
Properties of Fly Ash and GGBS-Based 
Alkali-Activated Concrete 

Koppoju Manasa and Andal Mudimby 

1 Introduction 

Concrete is considered a highly consuming material in the construction industry. Due 
to the rapid increase in urbanization, the demand to produce ordinary Portland cement 
has increased which contributes 5–7% of worldwide greenhouse gas emissions [1]. 
To reduce the environmental impact caused by the production of OPC, it is desirable 
to use the alternative binders extracted from the by-products of industrial wastes in 
place of conventional materials which can also reduce the consumption of natural 
resources as well as the land requirement for the disposal of waste [1]. In past decades, 
in the field of civil engineering, the inorganic polymers known as “geopolymers” 
are used as binders in the manufacturing of concrete. The major compositions of 
geopolymers are rich sources of silicon, aluminum, and calcium which are produced 
by geological origins and industrial by-products such as fly ash and GGBS [2]. Alkali-
activated binders can significantly reduce the greenhouse gas emission caused by 
the production of OPC. When these alkali-activated binders react with the alkaline 
solution, polymerization takes place, resulting in the formation of a 3D-alumino-
silicate network similar to the rock-forming minerals. alkali-activated concrete is an 
environmentally friendly construction material produced by the chemical reaction 
of inorganic molecules [1, 2]. The materials made of these inorganic binders are 
proven as excellent construction materials due to their high mechanical, chemical, 
and thermal-resisting properties. In the present study, the alkali-activated concrete 
was manufactured by replacing cement with 50% of fly ash and 50% of GGBS [3– 
5]. The alkaline solution used in the study is the combination of sodium silicate 
(Na2SiO3) and sodium hydroxide (NaOH) with a silicate-to-hydroxide (Na2Sio3/ 
NaOH) ratio of 2. Various types of research were focused on material-level tests
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on GPC, but fewer investigations are available on structural-level tests. Most of the 
advanced research on the microstructure analysis of GPC is limited compared to 
OPC concrete. The present study investigates the microstructure analysis of fly ash 
and GGBS-based alkali-activated concrete. The alkali-activated concrete beams are 
designed as per the universal mixture design criteria. The comparison of mechanical 
strength and microstructure analysis was made between cement-based concrete and 
geopolymer concrete. 

2 Research Significance 

Cement plays a crucial role in the production of concrete. As the demand for concrete 
increasing, the production rates of cement also increased by about 4.1 billion tons 
in 2020 [6]. The cement industry requires high energy and emits large amounts of 
CO2, which is harmful to the environment. 

To reduce these problems, alkali-activated concrete is an innovative construction 
material that is produced by the chemical reaction of inorganic molecules to reduce 
CO2 emissions [7, 8]. Alkali-activated concrete is made of the geological origin or by-
product material such as fly ash and ground granular blast furnace slag. In India, the 
thermal power station produces large quantities of fly ash of which 83% is utilized 
and the remaining is dumped as waste. The alkali-activated concrete undergoes a 
polymerization process when these-products react with the alkaline activators and 
improves the mechanical strength of the concrete. 

3 Novelty of Work 

In this study, to reduce the industrial waste volumes and environmental degradation, 
the cement is completely replaced with industrial by-products like fly ash and GGBS. 
The fly ash and GGBS-based alkali-activated concrete is manufactured by developing 
a material proportion using conventional methods of concrete. The alkaline solution 
which is a combination of sodium hydroxide and sodium silicate binds the different 
constituents of the concrete. The present study deals with evaluating the strength 
criteria of fly ash and GGBS-based alkali-activated concrete by destructive testing 
and microstructure analysis.
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Table 1 Physical properties 
of the materials Material Properties Results 

Flyash Specific gravity 
Fineness 
Initial setting time 

2.26 
9.8% 
120 min 

GGBS Specific gravity 
Fineness 
Initial setting time 

2.9 
9.5% 
25 min 

Fine aggregate Specific gravity 
Fineness modulus 

2.61 
2.89 

Coarse aggregate Specific gravity 
Fineness modulus 

2.68 
7.88 

Flyash + GGBS Fineness 
Initial setting time 

9.8% 
60 min 

4 Experimental Work 

4.1 Materials 

Ground granulated blast furnace slag used in the study is obtained from “Venkatesh-
wara traders pvt. Ltd”. GGBS is partially replaced by 50% in the mix of AAC. Fly 
ash is obtained from NTPC Ramagundam thermal power plant. The fly ash used in 
the study is a low calcium, i.e., class F which is replaced by 50% in the mix of AAC. 
The fine aggregate used in the experimental work is locally available and free from 
clayey matter. The sand is tested for various properties like fineness modulus, specific 
gravity, bulk density, and water absorption. The locally available coarse aggregate 
is used in the study and tested for various properties like fineness modulus, specific 
gravity, bulk density, and water absorption. The various alkaline activators, such as 
NaOH and Na2SiO3, were obtained from local suppliers. NaOH used in the study is 
in the form of flakes with 98% purity. Table 1 represents the physical properties of 
the materials. 

4.2 Alkaline Activator Solution 

The alkaline-activated solution is the combination of sodium hydroxide of 12 M and 
sodium silicate the ratio of silicate-to-hydroxide ratio considered is 2. To prepare 
a 12 M solution of alkaline activator 480 g of NaOH flakes were dissolved in 1 L 
of distilled water. During the dissolution of NaOH flakes, a huge amount of heat 
is evolved after 24 h; the 2 L of Na2SiO3 solution is placed into 1 L of NaOH 
solution and mixed properly so that the desired proportions of alkaline activators 
were prepared it is desirable to prepare the alkaline solution prior to 24 h of the 
casting of a specimen.
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4.3 Preparation of Alkali-Activated Concrete 

In the process of preparation of alkali-activated concrete, the dry materials were 
mixed thoroughly for 3 min, the alkaline solution was added to the dry material and 
mix it for 5 min until a uniform mix was obtained. The fresh fly ash and GGB-
based alkali-activated concrete was poured into the concrete mold immediately and 
compacted by a needle vibrator to remove the air voids. To determine the mechan-
ical properties of alkali-activated concrete the cubes of 150 × 150 × 150 mm and 
cylinders of 150 × 300 mm molds were used. The specimens are left in the molds 
undisturbed at room temperature for about 24 h after casting. Figure 1 represents the 
preparation process of alkali-activated concrete. 

Fig. 1 Preparation process of alkali-activated concrete
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Table 2 Mechanical properties of GPC and PCC 

Grade of 
concrete 

Compressive 
strength (28 
days) N/mm2 

Flexural 
strength (28 
days) N/mm2 

Split tensile 
strength (28 
days) N/mm2 

Bond strength 
(28 days) N/ 
mm2 

Modulus of 
elasticity N/ 
mm2 

G40 56.63 7.651 4.87 8.11 6362.3 
(stress–strain 
curve) 

M40 48.23 5.23 3.45 6.19 As per IS 
456:2000 E = 
5000 *

√
fck 

(N/mm2) 
34,723.9 

5 Experimental Results 

5.1 Mechanical Properties 

The results include the mechanical characteristics of GPC after 28 days of curing. 
The samples were examined in order to measure their compressive strength, flexural 
strength, split tensile, and modulus of elasticity of GPC and PCC. The test outcomes 
of the experimental work are given below for the G40 and M40 grades of concrete. 
Table 2 represents the mechanical properties of GPC and PCC. 

5.2 EDX Results 

The presence of material composition and their percentage is validated by EDS 
analysis. Figures 2 and 3 represent the EDS plot for M40 and G40 concrete grades. 
O and Si are the major elements in M40-grade concrete and the percentage of O, Si, 
Al, and Ca are 48.74%, 27.15%, 8.2%, and 8.29% of total weight respectively. In 
GPC 40 O, Si, and Ca are the major elements, the percentage of O, Si, Ca, Na, and 
Al are 47.72%, 19.3%, 13.88%, 10.47%, and 6.89% of total weight respectively. The 
maximum percentage of calcium content results in the formation of CSH gel, this 
boosts the compressive strength, reduces porosity enabling the formation of dense 
gel structure. A long with O and Si small amounts of Ca, Na, Al, Mg are also observed 
by EDS analysis. Table 3 represents the element composition in G40 and M40.

5.3 XRD Results 

The XRD analysis is performed at room temperature by applying powder X-ray 
diffraction with an X-ray wavelength of 0.154 mm Cu, K-beta radiation. Samples
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Fig. 2 EDS plot for M40 

Fig. 3 EDS plot for G40 

Table 3 Element 
composition in G40 and M40 Element (wt%) G40 M40 

O 47.72 48.74 

Na 10.47 2.41 

Mg 1.75 0.09 

Al 6.89 8.20 

Si 19.3 27.15 

Ca 13.88 8.29
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are scanned in a continuous mode with a scan speed of 5.0000 deg/min, Scan Axis: 
Theta/2-Theta, and can range: 10.0000–90.0000 deg. The X-ray powder diffraction 
plots the intensity of the scattered X-ray light against the angle difference of the 
deflected X-Rays. The X-ray powder diffraction was done on two samples of different 
grades PCC 40 and GPC 40 where G40 indicated geopolymer concrete for 28 days of 
ambient curing and PCC 40 indicated plain cement concrete for 28 days of ambient 
curing. The XRD diffraction plots for analyzing samples were displayed in Figs. 4 
and 5, which were created using the origin software. Compounds contained in the 
concrete are identified by utilizing X-pert high score plus. Peaks of quartz (SiO2) and 
silica were observed along with the alumina (Al), magnesium (Mg), calcite (Ca), and 
sodium (Na). The hardened geopolymer concrete identified the crystalline phases in 
the presence of quartz, silica, and calcite by their characteristic peaks. The strong 
peak was observed in the G40 grade of concrete at around 2θ. The peak intensity 
for PCC and geopolymer concrete is in a similar range from 2θ, 20° to 2θ, 30° and 
the peak intensities of C–S–H and N–A–S–H increase with an increase in the GGBS 
quantity in the mix. Similarly, the XRD test was conducted for a sample made with 
PCC concrete of M40 grade. The XRD graph shows the peaks of major crystalline 
constituents of quartz, silica, and calcite. The peaks of the graph are observed in 
between the range of 2θ, 20° and 2θ, 40°. The primary highest peak is observed at 
2θ, 26°, at this peak the C–S–H phase of the concrete is observed, and the second 
highest peak is observed at 2θ, 21°. Tables 4 and 5 represents the phase composition 
of M40 and G40-grade concrete.

5.4 SEM Results 

To examine the microstructure, the concrete samples were subjected to SEM exam-
ination after 28 days of curing. Figure 6 shows the SEM picture of an OPC concrete 
sample, which shows a significant number of white blocky crystals with tiny gran-
ular crystals on the surface, together with small bar-like particles and fine fissures. 
According to the XRD and EDS data, these white blocky crystals are quartz, gypsum, 
and mirabilite, and the fine granular crystals are silica, thenardite, and the bar-like 
particles are ettringite.

The scanning electron microscopy of the G40 mix at 28 days of curing mix shows 
that there are granular CSH gel formations accompanied by the pore system and 
finer cracks shown in Fig. 7. According to the XRD and EDS results, these granules 
represent CSH gel formations accompanied by the pore system. Even though the 
polymerization has reached the optimum stage there are still some unreacted particles 
of fly ash observed which indicates geopolymerization process was not up to cent 
percent [9]. This figure represents the denser structure formed as a result of the 
reaction of fly ash and GGBS with an alkaline activator along with some non-reacted 
fly ash sphere particles on the surface of the sample at the magnification of 10 µm. 
These unreacted fly ash particles form weaker links resulting in the propagation of 
microcracks were observed in Fig. 7.
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Quartz, syn 44.4 % 

silica 42.4 % 

Calcite, syn 13.1 % 

Fig. 4 XRD analysis of M40-grade concrete

6 Conclusions 

In the present study, the microstructure and mechanical behavior of fly ash and 
GGBS-based GPC specimens are analyzed by conducting destructive testing, SEM, 
EDS, and XRD. Alkali-activated concrete has been prepared by completely replacing 
cement with 50% fly ash and 50% GGBS.

1. It is observed that mix becomes very harsh for the solution-to-binder ratio lower 
than 0.5 and requires superplasticizers to improve the workability of the mix. 

2. The mechanical characteristics of AAC are comparably higher than the OPC 
concrete and show early strength. 

3. The characteristic compressive strength of geopolymer concrete ( f ck) after  
28 days under ambient curing is 58.63 N/mm2
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Quartz, syn 51 % 

silica 49 % 

Fig. 5 XRD analysis of G40-grade concrete 

Table 4 Phase composition of M40 

S. No. Visible Ref. code Compound 
name 

Chemical 
formula 

Score Scale factor SemiQuant 
(%) 

1 True 00-046-1045 Quartz, syn SiO2 34 0.510 44 

2 True 00-005-0586 Calcite, syn CaCO3 12 0.088 13 

3 True 00-033-1161 Silica SiO2 34 0.513 42
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Table 5 Phase composition of G40 

S. No. Visible Ref. code Compound 
name 

Chemical 
formula 

Score Scale factor SemiQuant 
(%) 

1 True 00-033-1161 Silica SiO2 16 0.269 49 

2 True 00-046-1045 Quartz, syn SiO2 14 0.269 51 

1 True 00-033-1161 Silica SiO2 16 0.269 49

Fig. 6 SEM image of M40-grade concrete

Fig. 7 SEM image of G40-grade concrete
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4. The results revealed that the mechanical properties of GPC are superior to OPC 
and bond strength increases with an increase in embedded length by a percentage 
of 45.85% and 67.75% for M40-grade concrete. 

5. Geopolymer concrete has a split tensile strength of 4.87 N/mm2 after 28 days 
under ambient curing. 

6. Scanning electron microscopy of PCC and GPC has indicated improved 
densification was observed in alkali-activated concrete. 
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Evaluation of Acid Resistance 
of Sustainable Binders Using Acid 
Consumption 

Tom Damion and Piyush Chaunsali 

1 Introduction 

Portland cement has high carbon footprint associated with its manufacturing, 
resulting in 7–8% of global CO2 emissions. Further, the acid resistance of Port-
land cement (PC) is poor [1, 2]. Acid attack is a critical problem associated with 
sewage carrying structures, and such a deterioration is called biogenic acid attack 
[3–5]. The acid attack can be considered as a surface deterioration, resulting in loss 
of cross section and strength [6]. The loads acting on a sewer structure include earth 
pressure, water pressure, and that due to traffic and building loads above it [7]. 

To improve the sustainability and durability of sewer structures, acid-resistant 
sustainable binders are required. Calcium aluminate cement (CAC) is known for its 
superior biogenic acid resistance [1, 8]. However, higher cost and loss in strength due 
to conversion reactions [9, 10] limit its widespread application [11]. High aluminium 
content is responsible for the superior acid resistance of high alumina binder [11]. 
Calcium sulfoaluminate (CSA) cement is a more sustainable binder with higher 
aluminium proportion as compared to PC [12–15]. 

Conventional acid immersion tests involve exposing the specimens in a fixed 
volume of dilute acid solution. The pH of exposure solution increases with time due 
to neutralisation [16, 17]. To obtain uninterrupted acid attack, the increment in pH 
should be controlled. Though the replacement of exposure solution reduces the pH, 
an efficient method would be titrating with a strong acid under continuous stirring. 
The dosing rate can be calculated from titration time and amount of acid dosed 
[18]. This procedure can be automated by an autotitrator as reported by Irico et al. 
[19]. Table 1 summarises the studies involving autotitrator. By using an autotitrator,
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Table 1 Summary of literature review on titrator-aided acid attack study 

Mellado et al. 
(2017) 

Irico et al. (2020) Gutberlet et al. (2015) Huber et al. (2016) 

10 × 10 × 60 mm 
prisms 

150 × 150 × 40 mm 
concrete slices 

3 mm thick, 30 mm  
dia. discs 

3 mm thick, 30 mm  
dia. discs 

Deionised water 
200 ml 

12 l and then 
sulfuric acid pumped 

150 ml acid stirred 
with magnetic stirrer 

150 ml acid stirred 
with magnetic stirrer 

1 M HNO3 2 M sulfuric acid Sulfuric acid 0.5 M 
and HCl 1 M 

0.5 M sulfuric acid 

5 days exposure 
period 

Weekly renewal till 35 
days and monthly 
afterwards 

28 days exposure 
period 

28 days exposure 
period 

pH 2 pH 2 pH 2, 3, 4 pH 2, 1 

constant pH and continuous stirring can prevent the deposition of acid attack products 
on specimens, thus extending the study to less soluble salt forming acids [20]. 

A novel method based on acid neutralisation was reported for evaluating acid 
resistance [21]. Acid consumption was identified as a suitable criterion to rank the 
acid resistance of various binders. The statistical significance of acid consumption 
method, its limitations, and scope for future work are discussed in this article. 

2 Materials and Methods 

The binders used in the study included Portland cement (PC) of Grade 53 as per IS 
269:2015, CSA cement-l (CSA (HY)), and calcium aluminate cement (CAC). The 
oxide compositions along with loss on ignition (LOI) of the binders considered are 
shown in Table 2. 

The phase compositions of the raw binders determined by XRD analysis are shown 
in Table 3.

Figure 1 shows the XRD patterns of raw CAC. Two patterns are for 75 µm 
passed ground raw CAC (75 Mic.), and the bottom pattern corresponds to 53 µm 
passed ground raw CAC (53 Mic.). The three patterns correspond to scanning rates 
of 1.5 degree/min, 3 degree/min, and 6 degree/min from the bottom, respectively. In

Table 2 Oxide composition of binders 

Binders SiO2 CaO Al2O3 SO3 Fe2O3 MgO TiO2 SrO Na2O K2O LOI* 

PC 21.2 58.1 6.9 2.8 5.1 1.0 0.5 0.0 0.1 0.8 3.1 

CSA (HY) 14.0 39.8 20.9 14.5 3.6 2.8 1.1 0.1 0.2 0.5 1.8 

CAC 8.3 32.5 43.6 4.3 2.4 0.7 3.8 0.1 0.3 0.0 3.4 

LOI*: Loss on ignition 
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Table 3 Phase composition 
(%) of the raw binders Phases/Binder PC CSA (HY) CAC 

Ye’elimite 0.0 35.5 5.9 

Anhydrite 0.0 15.5 2.6 

Gypsum/Bassanite 4.1 1.5 0.8 

Dicalcium silicate 21.9 28.7 0.0 

Dolomite 0.0 7.6 0.0 

Brownmillerite 5.9 3.5 1.1 

Mayenite 0.0 2.1 5.0 

Tricalcium silicate 54.8 0.0 0.0 

Tricalcium aluminate 4.7 0.0 0.0 

Calcium monoaluminate (CA) 0.0 0.0 20.4 

Grossite (CA2) 0.0 0.0 13.9 

Perovskite 0.0 0.0 7.7 

Gibbsite 0.0 0.0 3.5 

Aluminium oxide 0.0 0.0 0.6 

Gehlenite 0.0 0.0 31.4 

Lime 0.0 3.9 0.0 

Quartz 1.8 1.7 0.0 

Calcite 6.9 0.0 7.0

all these cases, a prominent peak was observed at 23.68° (2-theta degree), resulting 
due to the formation of ye’elimite. Hence, it can be assumed that the ye’elimite might 
have formed in the manufacture of this particular calcium aluminate cement. Again 
on referring to [22], it is evident that ye’elimite containing calcium aluminate cement 
is possible. The sulphate content in CAC was 4.3% which could explain the presence 
of 5.9% ye’elimite, 2.6% anhydrite, and 0.8% bassanite.

2.1 Specimen Preparation 

Prismatic specimens (10 × 10 × 60 mm) were cast at water-to-cement (w/c) ratio 
of 0.4 (by wt.). The specimens were cured for 28 days in a fog room at 25 °C and 
65% relative humidity environment. The cement was poured into measured volume 
of water and stirred for two minutes using a high shear mixer and then transferred to 
the moulds.
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Fig. 1 XRD patterns of raw calcium aluminate cement (CAC) with different sample preparation 
procedure

2.2 Acid Attack Tests 

The acid exposure was performed using an automatic titrator (Metrohm 916 Ti 
Touch). Titrator had a pH electrode, acid dispenser, temperature sensor, and a stirrer 
(Fig. 2). The cured specimens were subjected to constant pH experiment (STAT). 
Diluted sulfuric acid (5%) and citric acid (1 M) were used to maintain a constant pH 
of 1 and 3, respectively. Three paste specimens were used in a test. As described in 
[21], the solution was replaced after each day till five days.

2.3 Mass and Dimensional Changes 

The change in mass and cross-sectional dimensions were measured. Normalised mass 
and cross-sectional area at a particular day were taken with respect to the control 
specimen’s (28-day cured specimen) mass and area, respectively. Digital caliper 
having a sensitivity of 0.001 mm was used to measure the dimensions.
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Fig. 2 Titrator running for 
experiment with citric acid

3 Results 

3.1 Mineralogy and Mechanical Properties of Hydrated 
Binders 

The 28-day flexural strengths of various cement mortar (cement-to-sand ratio 1:2.75) 
with w/c ratio of 0.5, determined as per ASTM C348, were: 5.41 MPa (SD: 0.13 MPa), 
4.85 MPa (SD: 0.25 MPa), and 3.01 MPa (SD: 0.19 MPa) for PC, CSA (HY), and 
CAC cements, respectively. The results from static/constant pH test on monolithic 
specimens (STAT) are discussed below. 

3.2 Sulfuric Acid 

The mass loss and acid consumption during the test period are shown in Fig. 3. For  
STAT test with sulfuric acid at constant pH of 1, the order of mass loss of the binders 
was: CAC > CSA (HY) > PC (Fig. 3). The initial unaltered mass in PC was due to 
precipitation of gypsum on the surface, during early days of exposure [19, 23]. In
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PC, gypsum deposition in pores caused pore blocking, creating a barrier for further 
attack [24–26]. 

The pH of acid solution increased by the associated neutralisation due to leached 
alkalis in the specimens. The increment was prevented by titrating the required 
amount of acid causing neutralisation. Acid consumption is the amount of dosed 
acid to maintain the pH at 1 (± 0.001). As seen from Fig. 3b, the sulfuric acid 
consumption to maintain the pH of 1 followed the order: CAC > CSA (HY) > PC. 
The barrier formation on the surface of PC specimens stopped continuous neutral-
isation of interior region. Hence, least acid consumption was in case of PC. It was 
noticed that the mass loss could be correlated to the amount of acid consumption.

(a) 

(b) 

Fig. 3 a Normalised mass versus time, and b cumulative sulfuric acid consumption for STAT pH 
1 sulfuric acid (5%) test (monolithic specimens) 
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The standard deviation associated with acid consumption is very small that it is not 
visible in Fig. 3b. The variability in mass loss was relatively higher than that for acid 
consumption. 

3.3 Citric Acid 

For the test with citric acid of constant pH of 3, mass loss in three binders followed 
the order: PC > CSA (HY) > CAC (Fig. 4). The higher damage in PC as compared to 
other binders could be attributed to the presence of large amount of portlandite in it. 
Portlandite transforms into expansive calcium citrate salt on reaction with citric acid. 
This calcium citrate salt was earlier identified as tri-calcium di-citrate hexahydrate 
[27], and not earlandite, as reported in the previous limited literature.

Citric acid consumption for maintaining the pH of 3 for the three binders followed 
the order: PC > CSA (HY) > CAC (Fig. 4). Aluminium hydroxide, one of the hydra-
tion products of CSA cement, has stability range up to pH 3–4. Because of the 
automated operation and precision of dosing (± 0.002 ml), the acid consumption 
result was highly repeatable. 

ANOVA was performed using JMP software for the normalised mass in case 
of STAT pH 1 sulfuric acid as shown in Fig. 5. From the confidence interval, the 
difference between binders was clear. The results were statistically significant.

4 Discussion 

For the static pH tests, three specimens were tested in one run. The minimum number 
to satisfy statistical feasibility was three. For all the binders considered, volume of 
acid considered in monolithic specimen test was 250, and three specimens were of 
size 10 × 10 × 60 mm. There should be sufficient volume of solution for complete 
immersion of electrode. If more solution is taken, that will lead to quick overflow of 
vessel and automatic stoppage of the test. By trials, the optimum amount of solution 
was found to be 250 ml. 

For sulfuric acid (pH 0.5) tests as suggested by ASTM 1898, small area-to-volume 
ratio (A/V) is preferred. Otherwise, more acid would be consumed leading to quick 
automatic stoppage of test. In that case, solution has to be removed in frequent time 
intervals, leading to some experimental disturbances. 

The effect of stirring speed on the test was not included in this paper. However, 
the optimum stirring speed was found to be 900–1000 rpm based on trials. For 
comparative purposes, the stirring effect can be considered same for all the binders. 
The optimum stirring speed is the one without allowing any deep vortex or bubble 
formation. It should be ensured that the pH electrode and acid dosing point are kept 
apart.
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(a) 

(b) 

Fig. 4 a Residual mass across time, and b cumulative citric acid consumption of citric acid (1 M) 
in case of pH 3 test (monolithic specimens)

4.1 Prediction from Initial Test Period 

It has been discussed that acid consumption was found to be directly proportional 
to the deterioration. The initial period of the test mainly contributes to the total acid 
consumption. Hence, the proportionate acid consumption can be calculated from the 
initial period of the test. Figure 6 is an enlarged version of monolithic test during the 
initial period. When the specimens were immersed into pH 1 or 3 acid solution, the 
pH increased, due to leaching and acid attack. Titrator then brings back the pH to 
initial value by dosing off the acid. The point at which original pH was reached after 
initial increment in pH was termed ‘stabilising point (SP)’. The point of maximum
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Fig. 5 ANOVA test results

pH is also the point after which the slope of acid consumption curve changes. The 
point corresponding to the maximum pH in the acid consumption curve was called 
‘divergence point (DP),’ after this point acid consumption curves diverge and no 
longer collinear.

In Fig. 7, the acid consumption for the three binders is shown. The moles of H+ 

ions in the case of sulfuric acid would be double the amount of acid dosed. However, 
for organic acids such as citric acid, that may not be the case because of their poor 
dissociation constants. Thus, ‘acid’ consumption (moles of acid molecule) could be 
an appropriate criterion to compare the results of acids having different dissociation 
constant. The acid consumption trend in the initial test period was similar to the 
entire test period. Hence, the acid resistance can be predicted based on the results 
from the initial test period.

ANOVA test was performed on the results of STAT pH 3 test using citric acid for 
initial period (Fig. 8). The difference among the binders was evident based on confi-
dence interval. The narrow confidence interval could be attributed to a low standard
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(a) (b) 

Fig. 6 Acid consumption (thick line) and pH evolution during the initial period of the constant pH 
test for a pH 1 sulfuric acid, and b pH  3 citric  acid [21]

Fig. 7 Cumulative acid consumption during the entire period of test and during the initial period 
(up to SP) for a sulfuric acid (pH 1), and b citric acid (pH 3) [21]

deviation in acid consumption. This was due to the dosing precision (0.002 ml) of the 
autotitrator. It is thus statistically proven that the difference between binders can be 
predicted based on initial period data (within SP). Similarly, ANOVA was performed 
in case of sulfuric acid tests. In this case, the difference was obvious.

4.2 Correlation Between ANC and Acid Resistance 

The criteria for evaluating acid resistance include retained cross-sectional area 
measurement or mass loss calculation. The correlation between acid resistance and 
acid consumption is shown in Fig. 9. It can be seen that the acid consumption was 
inversely proportional to acid resistance of the cement.

Statistical analysis was performed for various results presented. The acid 
consumption or ANC was determined from monolithic and powder, as in [21]. In
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Fig. 8 ANOVA test results in case of citric acid consumption till stabilising point

Fig. 10, the correlation of ANC between powder and monolithic test at (a) sulfuric 
acid (pH of 1), and (b) citric acid (pH of 3) is considered.

When acid consumption was used as a criterion for comparison of binders, it 
should be ensured that the concentration of diluted acid that is used as titrant is 
uniform in case of all binders. For comparing different binders, it would be better 
to use diluted acid from single dilution. The diluted acid may not be advisable to 
store for long period, particularly in case of volatile acids such as HCl. The method 
has been proved to be successful in comparative research. The reliability of absolute 
results should be validated with theoretical stoichiometric calculations.
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Fig. 9 Acid consumption versus area ratio (or acid resistance) after 5-day STAT pH 3 test with 
citric acid

(a) (b) 

Fig. 10 Correlation coefficient for monolithic and powder tests a sulfuric acid b citric acid

5 Future Work 

1. In this paper, insoluble salt forming acids were considered. The study should be 
extended to soluble salt forming acids such as acetic acid and hydrochloric acid. 

2. The dosing rate particularly in powder titration experiment needs to be optimised 
(as it should consider the neutralisation reaction time). When the dosing rate is 
high, the pH decrement would be large.
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6 Conclusions 

The extent of deterioration of cementitious binders was proportional to the acid 
consumption. The criteria of acid consumption can be used to statistically differen-
tiate the binders based on acid resistance. Below are the specific conclusions from 
this study:

• Alternative binders such as CSA and CAC outperformed PC in citric acid (pH of 
3). The absence of portlandite in these binders, reduced formation of expansive 
calcium citrate salt.

• In sulfuric acid (pH of 1), the performance of PC was better than CSA (HY).
• The extent of deterioration can be determined based on the acid consumption 

corresponding to ‘stabilising point’ of pH vs time curve in initial period itself. 
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CO2 Curing for Enhanced Early Age 
Strength in Saw Dust Biochar 
Augmented Cement Mortars 

Sunil Bhagat Tadi and Rathish Kumar Pancharathi 

1 Introduction 

The world is striving to meet its emission reduction, particularly the greenhouse gas 
emission (GHGE) and is clearly off course in meeting 1.5 °C goal [1], within reach. 
Cement industry is reported to have been contributing 6–8% of global CO2 emissions. 
Cement finds its use in cement concrete (plain and reinforced), mortar, and paste/ 
grout in many forms, is the only material consumed by the mankind next to water 
[2]. The CO2 emissions from the manufacturing of cement are reported to be 60% 
from calcination of raw ingredient—lime stone and remaining 40% from fossil fuel 
burning to facilitate kiln reactions and other processes such as crushing, grinding, 
and blending. To reduce the CO2 emissions in cement manufacturing, alternative/ 
supplementary cementitious materials (SCM) such as fly ash, blast furnace slag 
(BFS), vegetable ashes (sugar cane bagasse ash, rice husk ash, etc.) were explored 
and are in wide use globally. In fact India has three times the requirement, 352 MTPA 
for 105 MTPA of SCMs are generated [3], but with uneven distribution and hence 
inefficient quantitative utilization. The uneven and diminishing availability of SCMs 
such as fly ash depending on the thermal power generation, BFS depending on the 
virgin steel production is further driving us to explore dependable source of SCMs 
such as calcined clay and other blended cements [4]. 

Use of SCMs besides reducing CO2 emissions, amount to reduced cement/clinker 
use [5]. Use of cementitious products with SCMs has better performance to weath-
ering agents [6]. To achieve carbon neutrality in the construction sector, it is not
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just clinker reduction, but utilization and/or sequestration of CO2 must be consid-
ered as an option. Cementitious materials have the innate ability to absorb CO2 

from atmosphere, but at very slower rate. The CO2 uptake is reported to be 20% of 
that calcination process emissions of making cement. Furthermore, 3% CO2 uptake 
is reported considering reuse and recycling at the end of its design service period 
[7]. The CO2, in liquid or gaseous or supersaturated state, can be effectively used 
either for treating recycled aggregate for reducing porosity, for mixing into the fresh 
concrete and as a curing method for enhanced early age performance [8]. 

Apart from processes presented above, “Biochar” is finding its prominence as a 
carbon negative technology [9]. Biochar is a highly porous and carbon-rich material 
that is obtained by the pyrolysis process, or heating of biomass in the absence or 
very limited presence of oxygen. The carbon negative effect per ton of biomass raw 
material can reach about 870 kg CO2 equivalent (CO2-e), of which 66% is related 
to the carbon retention effect of biomass charcoal. It was even found that biochar is 
highly advantageous in terms of cost-effectiveness and carbon sequestration capacity 
[10]. Research on biochar applications in construction materials is gaining a lot of 
momentum in the last decade. However, very limited research is available on the 
influence of CO2 curing on biochar augmented concrete [11]. 

In this context, this study is focussed on determining the (i) Optimum replacement 
dosage of laboratory made biochar for cement (ii) Optimum duration of CO2 curing 
on OPC based cement mortar and (iii) Influence of CO2 cuing on biochar augmented 
concrete. 

2 Materials 

2.1 Basic Properties 

Ordinary Portland cement (OPC) 53 grade as per IS 269:2015 is utilized for making 
cement mortar cubes in this experimental study. The properties and oxide composi-
tion based on X-ray fluorescence (XRF) of cement used is shown in Table 1. River  
sand is sieved to fit the requirement of standard sand as per IS 650:1991 with equal 
weights in three different size ranges 500 μm to 1 mm,  1 mm to 1.5  mm,  and  1.5 mm  
to 2.0 mm.

2.2 Biochar Production Through Pyrolysis 

Pyrolysis is the term used for the thermal degradation of organic compounds at 
temperatures between 250 and 900 °C in the absence of oxygen. This is an alterna-
tive method for turning waste biomass into products with added value like biochar, 
bio oil, and syngas. The compounds like cellulose, hemicellulose, and lignin which
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Table 1 Properties of cement, biochar, and sand 

For ordinary portland cement (OPC) Chemical composition of 
OPC 

Specific gravity 3.1 Oxide wt% 

Bulk density 1442 kg/m3 TiO2 0.45 

Normal consistency of cement 32% NiO2 < 0.01  

Initial setting time 102 min ZrO2 0.01 

Final setting time 345 min ZnO 0.01 

For saw dust biochar SiO2 19.23 

Bulk density 542 kg/m3 Al2O3 5.43 

pH 8.86 BaO 0.01 

%C 77.95 CaO 63.28 

%H 2.021 Cr2O3 0.01 

%N 2.44 Fe2O3 5.29 

%S 0.074 K2O 0.29 

%O 17.515 MgO 2.21 

H/C 0.026 MnO 0.18 

C/N 31.94 SO3 3.28 

Fine aggregate River sand 

Specific gravity 2.67

are present in the biomass go through reaction processes like depolymerization, frag-
mentation, and cross-linking at specific temperatures during the process, producing 
a variety of products in the form of solid, liquid, and gas [12]. 

Saw dust collected from a local saw mill dump used as biomass feed stock for 
preparation of biochar. A pyrolysis reactor (see Fig. 1) with nitrogen (N2) purging 
and vent for collection of bio oil and biochar is employed for manufacturing of 
SDBC. The feedstock is subjected to oven drying before undergoing slow pyrolysis 
process from room temperature to 550 °C at a ramp rate of 10 °C per minute in 
the N2 environment. The heated feedstock is kept at the highest temperature for 1 h 
before allowing it to cool naturally. The temperature of 550 °C is chosen as the 
rate CO2 adsorption on sawdust derived biochar reported to increase with increasing 
temperature from 450 to 650 °C [13].

The SDBC is found to have a yield of 29%. The ultimate analysis results (Table 1) 
reveals that the carbon content is high with lower H/C ratio inferring aromaticity 
caused by pyrolysis and therefore indicates higher stability of the material than the 
initial feedstock. 

Powder XRD results of OPC (Fig. 2) indicate presence of typical chemical 
compounds, viz. Alite, Belite, and Allumino Ferrite phases of the cement. However, 
the presence of calcite at around 2θ = 29° might be due to carbonation of cement 
sample before testing. The broad hump at 2θ = 22° and 45° indicate the loss of 
crystalline structure of cellulose and progression of carbonization [14].
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Fig. 1 Pyrolysis reactor for 
production of biochar

Fig. 2 XRD patter for OPC cement and saw dust biochar
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3 Methodology 

The experimental methodology is planned and executed with the objectives of finding 
the optimal CO2 curing duration, fixing the dosage of SDBC in cement, and estimate 
the influence of CO2 curing on the SDBC augmented cement mortar with optimized 
CO2 curing duration and dosage of SDBC. 

3.1 Preparation of Cement Mortar Specimens 

For the entire study cement mortar of 1:3 (Cement: fine aggregate) with 0.5 water to 
cement ratio (w/c) is adopted, all the specimens were cast in cubes of size 70.6 mm 
conforming to IS:10086-1982, and each sample consists of six specimens. Mixing 
of the cement mortar is executed in a laboratory planetary mixer machine in which 
paddle rotates in 3 speeds: nudge (very slow), slow, and fast. Initially, the mixing 
bowl is cleaned with water and dried. 

Based on the replacement level and the biochar, weights of all the components 
required per each cube are calculated. Nudging is used for dry mixing of cement, 
sand, and biochar for 2 min. Further mixed with adding water at slow speed for 
2 more minutes and finally mixed at high speed for 1.5 min. This procedure is 
uniformly implemented for all the specimens. Vibratory tale is used for uniform 
compaction. The compacted specimens are further subjected to different curing 
regimes as explained in subsequent sections. The proportions of materials used for 
casting each cube of 70.6 mm size are presented in Table 2. 

The mix proportions used for casting cement mortar cubes for optimizing the 
dosage of SDBC and tested at 28 days. Control mix proportions are used for eval-
uation of optimum duration of CO2 curing and 2% SDBC is additionally used for 
understanding the effect of CO2 curing on the biochar augmented cement mortar.

Table 2 Mix proportions implemented for making SDBC augmented cement mortars 

Mix Cement (g) SDBC-biochar (g) Fine aggregate (g) Water (g) 

Control 200 0 600 100 

2% SDBC 196 4 600 100 

4% SDBC 192 8 600 100 

6% SDBC 188 12 600 100 

8% SDBC 184 16 600 100 
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3.2 CO2 Curing of Cement Mortar 

Three days curing regimes are used to meet the desired objectives, and the same is 
shown in Table  3. CO2 curing is executed in four stages based on literature review 
[15]. The set-up for carbonation curing is shown in Fig. 3. The chamber is capable 
of controlling relative humidity, temperature, and CO2 concentration. 

Stages of CO2 Curing

(i) In-mold curing refers to the time in hours when the cast specimens are kept in 
the mold and 95% relative humidity is maintained. 

(ii) Pre-conditioning stage refers to that stage of demolding the specimens, kept in 
ambient air to lose nearly 40% of the moisture mass to facilitate CO2 diffusion 
into the samples.

Table 3 Curing regimes implemented in this study 

Description In-mold curing (h) Pre-conditioning 
(h) 

In CO2 chamber (h) Water curing (h) 

Regime I 24 0 0 Till age of testing 

Regime II 12 6 0 54 

12 6 2 52 

12 6 4 50 

12 6 6 48 

Regime III 18 4 2 Till age of testing 

Fig. 3 Carbonation chamber for CO2 curing 



CO2 Curing for Enhanced Early Age Strength in Saw Dust Biochar … 69

(iii) In this stage, the specimens are actually subjected to CO2 gas in a closed 
chamber. A CO2 concentration of 15%, relative humidity of 50%, and 
temperature of 25 °C are adopted in this study. 

(iv) This stage involves subjecting the CO2 cured specimens to normal water curing 
till the age of testing. 

Water curing of specimens is implemented by complete immersion of the 
specimens in tap water till desired age of testing. 

3.3 Testing and Characterization of Cement Mortar Cubes 

After the desired period of curing, all the specimens are tested for their compressive 
strength in a universal testing machine (UTM) with a loading rate of 35 N/mm2/min 
conforming to IS 4031 Part 6:1988, which is equivalent to a loading rate of 2.7 kN/s. 

Further, powder X-ray diffraction (XRD) technique and scanning electron 
microscopy (SEM) are used for understanding the phase change and morphology of 
specimens subjected to CO2 curing for 2, 4, and 6 h after pre-conditioning. Samples 
are collected from fractured surfaces of cubes immediately after testing. All the 
samples are subjected to solvent exchange in isopropyl alcohol for hydration stop-
page [16]. Some of the collected samples are ground to pass through 75 μm size sieve 
for XRD while relatively flat broken pieces are used for SEM after sputter coating 
with gold palladium to avoid charge accumulation on the surface. 

4 Results and Discussions 

4.1 Determination of Optimum Dosage of Biochar in Cement 
Mortar 

Cement mortar cubes with one control sample with 0% SDBC and three samples 
with 2%, 4%, and 8% SDBC dosages were cast and cured for 28 days under 
water following Regime I (Table 3). The results of the compressive strength test 
are presented in Table 4.

It can be observed that the dosage of SDBC resulted in a reduced mechanical 
performance. However, the strength reduction at 28 days for 2% SDBC is not signif-
icant with only 1.5%. This finding is not aligned with earlier reported results by 
Gupta et al. [17], where in the saw dust biochar dosage of 1 and 2% reported slightly 
higher strength than control mix at 28 days. It may be noted that the biochar used 
was ground and further super plasticizers were used in the earlier study. 

However, the decrease in strength with higher dosage of SDBC is proved in 
this study owing to reduced density and increased porosity. As is expected the
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Table 4 28 days compressive 
strength of cement mortars 
with various dosages 

Mix Compressive strength (MPa) % Change 

Control 51.68 – 

2%SDBC 47.14 − 1.48 
4%SDBC 38.00 − 18.20 
6%SDBC 33.18 − 28.57 
8%SDBC 30.84 − 33.61

porous structure and low density of SDBC without any mechanical treatment such 
as grinding post preparation might have caused lower strength. It may be stated that 
the SDBC used in this study resulted in lowest (1.5%) strength loss at 28-day water 
curing compared to other dosages which resulted in 18, 28, and 33% strength loss 
at 4, 6, and 8% dosages. Hence, the 2% SDBC dosage is considered for subsequent 
evaluation of effect of CO2 curing on SDBC augmented cement mortar. 

4.2 Determination of Optimum CO2 Curing Period for OPC 
Based Mortars 

Cement mortar cubes cast with OPC are allowed to cure in molds for 12 h till initial 
gain of strength to attain sufficient strength before demolding. After this in-mold 
curing period, the cubes are de-molded and exposed to ambient conditions for six 
hours to lose part of free water. This step helps for better diffusion of CO2 into the 
structure of mortar cubes when exposed to CO2 in chamber [18]. The cubes were 
exposed to CO2 gas in the carbonation chamber for two hours. The relative humidity 
(RH) is maintained at 50%, and the temperature (T ) is maintained at 25 °C in the 
chamber. The CO2 concentration is put to 15% resembling typical flue gas CO2 

concentration [19]. After two hours of CO2 exposure, the cubes are immersed in tap 
water filled tank till age of testing. This post carbonation hydration step is proved 
to be efficient for better performance of CO2 cured cementitious products [20, 21]. 
The 3 day compressive strength of the cured specimens is reported in Table 5. 

It can be observed that the two hour carbonation resulted in relatively high 
compressive strength compared to other mixes. This could be due to the carbon-
ation reaction, where in, the hydration products of OPC, viz. Portlandite (CaOH2)

Table 5 Three days 
compressive strength of 
cement mortar cubes under 
CO2 curing 

Carbonation duration (h) Strength (MPa) % Change 

0 18.98 – 

2 21.83 + 15.01 

4 19.57 + 3.11  

6 17.35 − 8.59 
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and unhydrated cement, (UC) undergo carbonation reaction in the presence of CO2 

and precipitate denser calcite (CaCO3) [22]. It can also be seen that further exposure 
to CO2 resulted in gradual decrease in compressive strength. This could be due to the 
decreased diffusivity of CO2 into the microstructure as denser calcite is precipitating 
in the surface pore of the cement mortar and/or reduced duration of post carbonation 
hydration before testing after 3 days curing. The increase in early (3 day) compres-
sive strength is significant with 15% increase with 2-h CO2 curing, beyond which 
it showed reduction. The X-ray diffraction (XRD) technique and scanning electron 
microscopy (SEM) characterization techniques are used for validating the obtained 
results. Based on this study 2-h CO2 curing is considered as optimum duration. 
Further study is executed with 2-h CO2 curing duration and 2% SDBC dosage. 

4.3 XRD and SEM Analysis for CO2 Cured Specimen 
Samples 

The hydration stopped specimens were ground for powder XRD phase identification 
from control, 2 h, 4 h, and 6 h CO2 cured mortar specimens. The XRD patterns were 
obtained on a Bruker D8 Advance equipment with Cu-Kα radiation (λ = 1.54 Ao). 
Samples were scanned from 10° to 70° 2θ values. Qualitative phase identification is 
done using high score software and is shown in Fig. 4. 

Fig. 4 XRD pattern for CO2 cured cement mortars
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The prominent peaks are identified to be of quartz (Q), Portlandite (P), calcium 
carbonate (CC), and calcium silicate (C3S) in all the four cases. Quartz (Q), the 
mineral abundantly present in fine aggregate (river sand). River sand used as fine 
aggregate for making the cement mortar cubes. It is identified in the 2-h CO2 cured 
cement mortar XRD pattern as the peak intensity of Portlindite is lower and of 
calcium carbonate (CC) is higher compared to the rest of the patterns. This indicates 
presence of more calcium carbonate which is a primary product of carbonation and 
the possible reason for higher strength in 2-h CO2 cured cement mortar specimens. 

The specimens (relatively flat solid cement mortar pieces from the fractured 
surfaces of broken cubes in compressive strength test) are sputter coated with 
gold palladium and tested in Zeiss Merlin Compact FE-SEM for visualizing the 
morphology of hydrates and/or carbonates of cement mortars that are subjected to 
two hour CO2 curing and no CO2 curing (i.e., control) under secondary electron 
mode of imaging is shown in Fig. 5. 

Observation of the micrographs revealed a clear dense microstructure for the 2-h 
CO2 cured surface specimens when compared to that of control. It is evident that more 
amount of Ettringite (E) with needle like morphology and Portlandite are dominant 
in control specimen micrographs while calcium carbonate or calcite is dominant in

CH 

E 

CC 

C-S-H 

0 h CO2 Cured 

Pores CH 

E 
C-S-H 

0 h CO2 

CC 

2 h CO2 

CC 

E 
CC 

2 h CO2 

(a) Control at 0.2 μm resolution 

(c) 2h CO2 cured sat 0.2 μm (d) 2h CO2 cured at 2 μm resolution 

(b) Control at 2 μm resolution 

Fig. 5 SEM micrographs of cement mortar specimen fractured surfaces 
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CO2 cured specimen. These results are affirming the XRD results for CO2 cured and 
control specimens. 

4.4 Study of the Effect of CO2 Curing on SDBC Augmented 
Cement Mortar 

Considering the results obtained in the previous two studies, the 2-h CO2 curing 
duration and 2% SDBC replacement for cement in 1:3 cement mortars are selected 
for understanding the influence of CO2 curing on the SDBC augmented cement 
mortar. In this part of study, based on the observations made while demolding the 
specimens after 12 h, to avoid any minor damage to the specimens, the in-mold 
curing period is increased to 18 h from 12 h. Further, the pre-conditioning period is 
reduced to 4 h from 6 h. All the cubes are subjected to CO2 curing for 2 h at 15% CO2 

concentration, 25 °C temperature and 50%RH. The testing for strength is carried out 
in 2 intervals. First, immediately after CO2 curing (i.e. 1 Day) and second is after 2 
more days of water curing. (3 Days). The results are presented in Table 6. 

The one day strength attained an increase of 40% for CO2 cured OPC mix (INCC) 
while the strength is decreased by 4.7% for SDBC augmented mortar. However, it is 
to be noted that the SDBC augmented mortars attained 12% strength improvement 
under water curing in one day. This finding reveals that the biochar improves early 
age strength. Overall, CO2 curing is found to beneficiate more for OPC-based cement 
mortars than biochar augmented mortars. This trend is also observed to be consistent 
with the three day cured mortars strength with 18% improvement. Further, the relative 
increase in strength is found to be diminishing with post carbonation hydration for 
the mortars.

Table 6 Compressive strength of 2% SDBC cement mortar cubes under CO2 curing 

Designation In-mold 
(h) 

Pre-conditioning 
(h) 

In CO2 
chamber (h) 

In water 
(h) 

Age at 
testing 
(Days) 

Strength 
(MPa) 

1NCW 18 0 0 6 1 8.42 

1NCC 18 4 2 0 1 12.57 

1BCW 18 0 0 6 1 9.44 

1BCC 18 4 2 0 1 8.99 

3NCW 18 0 0 54 3 19.55 

3NCC 18 4 2 48 3 23.07 

3BCW 18 0 0 54 3 16.57 

3BCC 18 4 2 48 3 18.35 

Legend 1-NC-W: 1 day strength—normal mix—water cured; 3-BC-C: 3 day strength—biochar 
mix—CO2 cured 
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Post carbonation water curing is found to be beneficial for both water cured and 
CO2 cured mortars. However, highest strength improvement is found in water cured 
specimens with 132% increase and CO2 cured biochar augmented mortars with 104% 
increase. The efficacy of CO2 curing is found to be prominent for OPC-based mortars 
than to SDBC augmented ones. The reason could be attributed to lack of calcium 
bearing species in the SDBC, which actually reacts and precipitates strength giving 
CaCO3. The XRD for SDBC shown only coesite (SiO2) and sylvine (KCl) peaks, 
but no calcium bearing phases. Concomitantly weathered source of feedstock for 
making SDBC could also be reason. 

5 Conclusions from the Study 

An experimental study is carried to evaluate the efficacy of CO2 curing on enhance-
ment of early age strength in biochar augmented concrete. SDBC is prepared in 
laboratory, and the optimum dosage of SDBC in cement mortars is first studied. 
Simultaneously the optimum CO2 curing duration is also studied for OPC-based 
cement mortars. The third study involved use of the optimized SDBC dosage and CO2 

curing duration values to evaluate the influence of CO2 curing on SDBC augmented 
cement mortars. The following conclusions are drawn in this study. 

(1) Use of biochar and CO2 curing has potential benefits in terms of early strength 
gain and sustainability. 

(2) From the results of 28 days strength 2% of SDBC is found to attain nearly 
strength equal to control cement mortar sample. 

(3) Subsequent to in-mold curing and pre-conditioning a 2 h duration of CO2 

curing at flue gas CO2 concentration of 15%, relative humidity of 50% and 
at temperature 25 °C is found to be sufficient for high 1 day strength. 

(4) XRD analysis and SEM morphology studies corroborated the reason for strength 
gain, revealed dense CaCO3 formation in the microstructure. 

(5) It is also observed that prolonged CO2 curing duration is not likely to contribute 
to more strength gain beyond an optimum value. 

(6) Although CO2 curing is found to give higher early gain of strength in both OPC-
based and SDBC augmented cement mortar, its efficacy is revealed to be more 
significant to OPC-based mortars than biochar augmented mortars. 
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Thermodynamic Modeling 
of Cementitious Paste Containing 
Sugarcane Bagasse Ash and Rice Husk 
Ash 

N. S. Ajeesh Kumar and K. L. Radhika 

1 Introduction 

Supplementary cementitious materials (SCMs) are widely used to promote sustain-
able construction methods by reducing CO2 emissions and energy usage in cement 
production [1]. It consists of industrial and agricultural by-products, viz. fly ash, 
blast furnace slag, rice husk ash (RHA), sugar cane bagasse ash (SBA), etc. These 
materials have been found to improve durability against sulfate attack and chloride 
ingress over extended hydration durations [2] while maintaining similar mechan-
ical properties to ordinary Portland cement (OPC). However, the mineralogical and 
chemical content of the cement can significantly affect the evolution of solid hydra-
tion phases and aqueous pore solutions [3–5]. Hydration studies of binders including 
SCMs at different ages have demonstrated their impact on elemental constituents, 
particle shape, speed of reaction, solid phase formation, and mechanical properties 
[3–11]. 

Thermodynamic and geochemical models are being developed to better under-
stand the effect of various factors on the hydration of supplemental cementitious 
materials (SCMs) with cement. Geochemical speciation software, like TDM, can 
mimic the interactions between the solid and liquid components during the hydration 
of cement mixtures [10], giving important insights into the chemical impacts. TDM 
has been utilized in conjunction with empirical research to examine the effects of 
SCM type and amount, water phase change, and hydrate composition after lengthy 
reaction times [7, 12]. Moreover, thermodynamic models can predict the impacts 
of OPC’s mineral and chemical content on hydration interactions with SCMs over
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medium and long timescales, and their correctness is assessed using empirical results 
from hydration tests up to 90 days [3, 5, 6, 13]. 

2 Modeling Method 

The soluble alkali sulfates in OPC readily dissolve in water, generating K (potassium), 
Na (sodium) as well as S (sulfur) into the water. Minerals that are less dissolvable 
like calcite, anhydrite, and gypsum partially dissolve until they are in equilibrium 
with the pore fluids [14]. While Si (silicon) as well as Ca (calcium) combine to 
produce the CSH state, Al with Fe reacts with the hydroxide, S, C, and Ca to form 
ettringite (AFt) phases, AFm phases, as well as other hydroxide forms [14]. The rate 
of hydration or dissolution of the clinker elements controls the quantity of Ca, Si, Al 
(aluminum), Fe (iron), and hydroxide [14] discharged into the solution as well as the 
rate at which AFt, AFm, C–A–H (calcium aluminate hydrate), and other compounds 
precipitate [2, 10, 12]. 

Cement hydration is presumed to happen through dissolution and precipitation 
mechanisms. The rates at which the phases in Portland cement hydrate are described 
by many models. The Parrot and Killoh [15] model employs a series of equations 
to describe the rate R of the hydration of the various clinker phases, in which the 
smallest value of R at the time t is regarded as the rate-controlling phase [14]. The 
subsequent significant formulas: 

Nucleation and growth 

Rt = 
K 1 

N1 
(1− ∝t )(− ln(1− ∝t ))

(1−N1) (1) 

Diffusion 

Rt = 
K 2 × (1− ∝t )

2/3 

1 − (1− ∝t )
1/3 or (2) 

Formation of the hydration shell 

Rt = K 3 × (1− ∝t )
N3 (3) 

The expression for the degree of hydration at time t in days is then given by 
∝t =∝t−1 +�t × Rt−1. The coefficients from the Parrot and Killoh [15] model for 
OPC are K1, K2, K3, N1, and N3. The above three empirical expressions (Eqs. 1–3) 
provided by Parrot and Killoh [15] are employed in this paper. 

The effect of w/c as calculated by f (w/c) = (
1 + 4.45 × (

w 
c

) − 3.33 × ∝t
)4 
: 

for ∝t > 1.334 × (w/c) [14, 15] using the information from Parrot and Killoh [15], 
the impact of surface area on early hydration is also taken into account.
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The GEMS software in conjunction with the CEMDATA database is used in 
this study to perform thermodynamic modeling of cementitious systems. The molar 
amounts of the crystalline, aqueous, and gaseous components of processes as well as 
the reactivity of ions inside the pore solutions at an equilibrium state can be calculated 
using the GEMS-CEM platform. 

The outputs of cementitious and pozzolanic processes were predicted using GEMS 
version 3.5 in conjunction with the CEMDATA version 18. Input data for the ther-
modynamic modeling (TDM) included the constituents and reactivity of the cemen-
titious materials and pozzolanic materials, the water-to-cement ratio, as well as 
curing conditions. The hydrated pastes were simulated at 21 °C and 100% rela-
tive humidity, with a water-to-cement ratio of 0.5, and were comparable to those 
reported in previous studies [3–5]. Parrot’s empirical model was utilized to simulate 
the reaction of cement, while the reactivity of rice husk ash (RHA) and sugarcane 
bagasse ash (SBA) were determined based on basic pozzolanic tests [3, 6]. The CSH 
Q model was utilized in this study due to its ability to represent the full spectrum of 
Ca/Si proportions. 

Thermodynamic modeling is a valuable tool for predicting the behavior of cemen-
titious systems, but it has certain assumptions and limitations. The model presumes 
that the system is homogeneous, however this may not be the case in reality. Another 
critical assumption is that the system is in thermodynamic equilibrium. However, 
some solids, such as amorphous CSH and AFm phases, are metastable. Addition-
ally, hydrated cement is thermodynamically unstable when exposed to an open atmo-
sphere since it reacts with CO2 in the atmosphere and eventually degrades to calcite 
and similar solids. 

In cement chemistry, precipitation, and dissolution processes usually occur rapidly 
enough to assume thermodynamic equilibrium. However, slow processes like clinker 
phase dissolution and hydrogarnet precipitation may not reach equilibrium within 
the specified timeline, requiring further consideration for accurate prediction of 
cementitious system behavior and properties. 

Accurate thermodynamic modeling results depend on the database’s quality and 
completeness. Although the updated Cemdata18 database is reliable for calculating 
the type, composition, amount, and volume of cement hydrates, there are still gaps, 
such as data on alkali, aluminum, and water uptake in CSH, that need to be filled. 

Additionally, some phases, like quartz, dolomite, goethite, hematite, gibbsite, 
and talc, do not form at ambient conditions and in the timeframe considered, so they 
need to be deactivated in the model. Moreover, some phases like thaumasite only 
form at low temperatures, and their presence can significantly affect the behavior of 
cementitious systems. 

The predictions of the thermodynamic model were contrasted with a variety of 
empirical data, including results from X-ray diffraction, differential thermal and 
thermogravimetric analyses of cementitious mixes, and mortar mechanical strengths 
[3–6]. Two OPCs with different chemical and mineral contents were modeled using 
thermodynamics. The SCMs under consideration were RHA and SBA. 

The compositions of the OPCs and SCMs employed in the thermodynamic hydra-
tion models have been reported previously [3–6] and are reproduced in Table 1. Bogue
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equations were used to estimate the mineralogical composition after correction for 
CaCO3 content (4% for OPC-1 and 3% for OPC-2). TGA was used to calculate the 
CaCO3 and gypsum contents. The OPC with low levels of C3A and alkali (0.4% 
Na2Oeq and 4% C3A) was designated as “OPC-1,” whereas the PC with larger levels 
(0.7% Na2Oeq and 10% C3A) was designated as “OPC-2.” The C4AF content is also 
notably varied between the two OPCs (15% in OPC-1 and 7% in OPC-2). CaCO3 

levels were less than 1% in SBA and RHA. To mitigate the effect of particle shape 
on the interactions between two kinds of cement (OPC) and SCMs, the grain size 
distribution of the two OPCs was chosen to be similar. This was described in greater 
detail in previous studies [3–5]. In addition, reference mixtures consisting solely of 
OPC-1 or OPC-2 were used, as well as binary blends made up of OPC-1 combined 
with 20% RHA/SBA. 

Table 1 Major phases composition 

Percentages OPC-1 OPC-2 RHA SBA 

Na2O 0.2 0.1 – – 

K2O 0.3 0.9 2.2 6.3 

Na2Oeq 0.4 0.7 – – 

CaO 60.3 63.3 0.6 3.1 

SiO2 17.4 19.6 93.1 80.8 

Al2O3 4.7 5.5 0.1 5.1 

Fe2O3 5.1 2.4 – 1.6 

MgO 1.8 0.8 0.2 – 

SO3 3.2 3.2 – 1.5 

LOI 4.2 2.5 3.2 0.4 

Alite 50 53 – – 

Belite 12 16 – – 

Aluminate 4 10 – – 

Ferrite 15 7 – – 

Calcite 4 3 < 1 < 1  

LOI-loss on ignition 

Major phases composition as well as the raw material’s CaCO3 content (in weight percentages) [3, 
4, 13]
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3 Results and Discussion 

3.1 Hydration Modeling of Ordinary Portland Cement 

The chemical reactions between the two OPCs and water were simulated as a func-
tion of hydration duration to examine the impact of various compositions on the type 
and quantity of hydrates generated. The predicted hydration for OPC-1 and OPC-2 is 
shown in Fig. 1. In either situation, the primary hydration phases—CSH gel, ettrin-
gite, Portlandite, and mono-carbonate (regarding OPC-2)—are generated within the 
first few hours of hydration. During this time, the anhydrous portions of the OPCs 
are gradually dissolved. Additionally, it is predicted that siliceous hydrogarnet will 
precipitate. For both OPCs, the hydrotalcite phase is also anticipated, but in much 
smaller amounts, i.e., assumed that up to 2 g develop for every 100 g of the binder. 
Calcite was empirically recognized by X-ray diffraction at various periods of hydra-
tion, which is shown in Fig. 2, which displays the XRD of two ordinary Portland 
cement at two and ninety days of hydration as estimated in [13]. It is calculated that 
calcite is present in both types of cement.

By modeling results given in Fig. 1, CSH gel was detected by thermogravimetric 
analysis [13] and Portlandite, ettringite, and C3(AF)S0.84H (siliceous hydrogarnet) 
are easily evident by X-ray diffraction at two and ninety days of hydration. The key 
qualitative difference between the two ordinary Portland cement is the creation of 
mono-carbonate in OPC-2 as a result of the greater Al and lesser Fe quantity in 
OPC-2 than in OPC-1, which permits the reaction with the carbonates. The develop-
ment of mono-carbonate is predicted by OPC-2 modeling on the first day of hydra-
tion. However, empirical confirmation of mono-carbonate appeared at later hydration 
periods, most likely due to the sluggish kinetics of mono-carbonate creation or due 
to its poor crystallization [12]. 

At 90 days of hydration, traces of mono-sulfate may have been found in OPC-1 
by XRD, even though the signal at 12 2θ may also have been caused by the presence 
of ettringite. A minor weight loss at 180–195 °C is indicated by DTA data [8], 
which may also be attributed to mono-sulfate dehydration. The calculations do not 
suggest the creation of mono-sulfate since it is thermodynamically unstable when 
calcite is present. As seen in Fig. 3, quantitatively, the OPC-2 computations forecast 
greater CSH crystal growth (19%) and less C3(AF)S0.84H (siliceous hydrogarnet, 
26%) compared to the OPC-1 simulation.

Depending on the initial chemical components of an OPC, there is a distinct vari-
ation in the hydrates. The other phase content is remarkably comparable between the 
two PCs as seen in Table 2. The modeling’s projected quantity of Portlandite and CSH 
gel is contrasted to the measured Portlandite and bound water quantity obtained from 
thermogravimetric analysis (data from [3, 5]), as well as with compressive strength 
(information from [3–6]). The predicted CSH gel and Portlandite compositions were 
estimated for 100 g of hydrated mixtures to be consistent with the TGA values.

The modeling calculations showed that the concentration of Portlandite was 
slightly overestimated for both types of ordinary Portland cement (OPCs). However,
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Fig. 1 a Hydration model of OPC-1 b hydration model of OPC-2

the simulations indicated that OPC-1 had a larger Portlandite content during all 
stages of hydration, compared to the experimental data. Even though the simulations 
predicted a smaller CSH gel or total volume and the experimental evaluation showed 
less bound water, the compressive strengths of OPC-1 were greater than those of 
OPC-2 at both the 28- and 90-day periods of hydration. This suggests that factors 
beyond space packing, such as the fine-tuning of the porous structure, may have an 
impact.
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Fig. 2 a XRD pattern of OPC-1 [5] b XRD pattern of OPC-2 [5]

3.2 Hydration Modeling of Binary Blends with RHA/SBA 

To assess the changes in solid phase composition based on the OPC contents, the 
hydration of blends containing RHA and SBA was modeled. The effects of RHA 
were investigated first (Fig. 4a). The thermodynamic modeling of OPC-1 and RHA 
blends predicted the development of similar principal hydration phases with minor 
numerical variations. High Ca/Si ratio phases were considered as “jennite-kind” 
CSH, while lower Ca/Si ratio phases were considered as “tobermorite-kind” CSH 
in TDM calculations [12]. The addition of RHA led to a decrease in Portlandite 
content and an increase in CSH gel formation. When more RHA was added, the 
additional silicon dioxide in the RHA reacted with the “jennite-kind” CSH, leading 
to progressively more “tobermorite-kind” CSH.

As shown in Fig. 3, the RHA-1 blend simulations predicted greater CSH crystal 
growth (48%) and less CH (Portlandite, 70%) compared to OPC-1 simulations. Simi-
larly, the RHA-1 blend simulations predicted more CSH crystal growth (27%) and
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less CH (Portlandite, 28%) compared to SBA-1 simulations, owing to RHA’s high 
pozzolanic activity. Quantitatively, especially at extended hydration ages, the RHA 
reaction results in a rise in the CSH gel and a decrease in the CH contents relative 
to OPC, which is reflected in the binary blend’s greater compressive strength than 
OPC (Table 2). 

The study also investigated the effects of SBA on hydration (Fig. 4b). When 
Portland cement and SBA are combined, the amount of Portlandite in the hydrated 
mixture is reduced, but the reduction is less than it is for RHA because SBA has 
relatively low reactivity. SBA contains 5% alumina, which results in the formation 
of modest levels of Al-rich phases when PC is added. The findings suggest that 
Portlandite is destabilized in the presence of modest levels of SBA, leading to the 
creation of more CSH with a lesser Ca/Si proportion [10]. Additionally, the mix forms 
mono-carbonates due to the incorporation of Al from SBA, which distinguishes it 
from OPC-1. 

The RHA blend has a higher concentration of CSH gel, and a smaller bound 
water quantity has been determined (Table 2). This is because the additional CSH 
gel formed from the reaction with RHA has a lower bound water content than the 
CSH gel formed in OPC alone. The small size of RHA particles enables them to 
enter the pores of the CSH gel structure [3] resulting in a denser gel structure with 
lower porosity and higher strength. This denser structure can also reduce the amount 
of bound water in the gel. 

Figure 5b shows that the total volume of hydrate in RHA-blended cement is lower 
compared to OPCs. Although the compressive strength is higher in RHA-blended 
mix, the increase in total hydrate volume is not proportional to the compressive
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Table 2 CSH and Portlandite content forecasted with TDM, bound water and Portlandite content 
determined by TGA (%), compressive strength (MPa) [3–6] 

Name Duration in 
days 

Model (percentage 
mass) 

TG/DT (percentage 
mass) 

Compressive 
strength (MPa) 

CSH CH Bound 
water 

CH 

OPC-1 1 19.3 12.2 – – 13.6 

2 23.2 14.4 13.8 14.1 – 

7 28.4 18.3 15.7 15.9 35.2 

28 32.7 21.1 18.8 17.4 51.4 

90 34.1 21.9 21.8 19.5 55.2 

OPC-2 1 19.1 10.7 – – 21 

2 25.7 13.9 13.8 12.8 – 

7 32.8 17.8 21.8 15.6 36.3 

28 37.3 20.1 23.4 17 43.1 

90 37.7 19.9 22.1 17.3 45.8 

SBA-1 1 13.6 7.4 – – 

2 18.7 8.8 13.5 12.2 – 

7 30.2 9.2 15.3 14.3 31.28 

28 39.7 9.3 16.1 14.1 42.14 

90 40.5 9.7 17.2 14.1 55.1 

RHA-1 1 14.5 6.2 – – 

2 20.8 7.5 11.7 10.9 – 

7 30.4 7.9 14.8 11 31.9 

28 45.3 7.1 15.1 10.8 54.7 

90 47.4 7.3 17.1 11.3 60.9
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Fig. 5 a CSH gel volume versus comp. strength b total hydrate volume versus comp. strength 

strength. This suggests that RHA-blended pastes contain more pores than pure Port-
land cement pastes, which may seem counterintuitive as PC-RHA blends exhibit 
higher strength than plain PC pastes. This could be attributed to the more complex 
pore structure of RHA-blended systems, which contains fewer large capillary pores 
and more fine pores than cement pastes. As a result, they exhibit higher compressive 
strength, despite having a higher total porosity. 

The compressive strength recorded for the plain PCs and the mixes agrees with 
the estimated volume of CSH crystal in Fig. 5a, but a somewhat greater correlation 
is seen when the compressive strength is compared to the total volume of unreacted 
phases and crystals produced (Fig. 5b). This is because, the compressive strength 
of cement paste is influenced by various factors, including the amount and type of 
hydration products formed, the degree of hydration, and the paste microstructure. 
While the volume of CSH crystals is an essential factor in determining the strength of 
cement paste, the strength is also influenced by the total volume of all the phases and 
crystals produced during hydration. This comprises any unreacted or partly reacted 
cement particles as well as other hydration products including CH and ettringite. 

4 Conclusions 

The chemical and mineralogical nature of Portland cement can significantly affect 
the type and quantity of hydrates produced in OPC and blends with RHA and SBA, as 
revealed by thermodynamic modeling, which supports empirical findings regarding 
the produced hydrates. The modeling confirms primary differences between binary 
blends and plain cement observed experimentally, such as the larger formation of 
CSH gel and lower Portlandite composition in the mixes, and the generation of further 
mono-carbonate in sets depending on OPC composition.
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There are a few slight differences between experimental and model results, which 
may be due to sample carbonation throughout hydration or aluminum absorption in 
CSH, which was not taken into account in the prediction. Additionally, the reduced 
CSH concentration in binary mixes anticipated by thermodynamic modeling corre-
lates relatively poorly with the evaluated compressive strength, whereas the all-
crystal volume, which includes both hydrates and unreacted matrixes, exhibits a 
higher association. This emphasizes that the overall volume of the solid matrix, 
rather than just the CSH content, is the major component impacting compressive 
strength. Additionally, it demonstrates that the binary mixes with RHA are more 
significantly impacted by the amount of PC substituted by SBA. 
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Effect of RHA on High-Strength 
Geopolymer Mortar 

C. S. Aishwarya, B. Dharshini, N. Shanmuga Priya, B. Swathi, 
and R. Vidjeapriya 

1 Introduction 

Geopolymer mortar or Alkali-activated binder (AAB) can be produced by using agri-
cultural wastes, industrial by-products and alkaline activators. AAB mix has been 
considered as green material because of usage of waste materials in the preparation of 
that mix. As there is a need for reducing the usage of natural minerals, the demand for 
modern green construction techniques has been increased. Due to rapid industrial-
ization and urbanization, the need for shelter has been increased which increases the 
demand for cement production. Manufacturing of cement has many environmental 
impacts like usage of natural minerals, emission of carbon dioxide, etc. Emission of 
CO2 can occur in both direct and indirect ways. When calcium carbonate is heated, 
it will produce lime and CO2 which is the direct way, and the indirect way is the 
emission of CO2 during the manufacturing process. It has been estimated that about 
10% of manmade CO2 emission is due to the production of cement. Hence, there 
is a need for an alternative. One such alternative found is AAB material. The usage 
of AAB has given the solution for several problems like disposal of agricultural 
wastes, emission of CO2 and overuse of natural resources [1]. The AAB has several 
properties like low shrinkage, excellent thermal stability, at relatively low production 
cost, mechanical strength, fire resistance, low thermal conductivity, acid resistance 
[2]. The main components of AAB are rich in aluminum (Al) and silicon (Si) [3]. 
In ABB mortar, GGBS and RHA are activated by using alkali activators to form a 
binder.
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Geopolymerization can be defined as a chemical reaction between aluminosilicate 
oxide of source material and alkali silicates of alkaline activator solution produces a 
3D polymeric ring structure consisting of Si–O–Al bonds [4]. 

Study conducted by previous researches indicated that, compressive strength of 
concrete decreases with increase in the percentage of RHA. RHA and steel fibers 
reduces concrete workability, therefore superplasticizer is added to make concrete 
to be flowable [5]. The compressive strength of AAB increases when GGBS and 
calcium-based and sodium-based aluminosilicate complexes are high [6]. With the 
use of high concentration of sodium hydroxide and geopolymerization reaction 
becomes faster [7]. Fly ash replaced GGBS decreases the final setting time of AAB 
paste [8]. Comparing metakaolin and RHA, the RHA from the investigated offers a 
very promising ingredient for production of geopolymer mortar at ambient curing 
[9]. As molarity increases, microstructure becomes dense this results in high degree 
of geopolymerization [10]. In AAB concrete, most of the research work has focused 
on fly ash binders. However in this study, RHA and GGBS are source materials for 
AAB. RHA was replaced in different percentage in GGBS and its effects on the 
compressive strength is determined. 

1.1 Need for Study 

Every developing country is facing environmental pollution. Most extensively 
construction material is Ordinary Portland Cement, which causes major pollution 
during the manufacturing process. OPC emits Green House gases which accounts to 
approximately 7% of total Green House gas emission. This led to find an alternative 
for OPC is concrete construction. This caused evolution in the sustainability devel-
opment of construction material from waste materials. Process by which the concrete 
is formed by the use of alkali activators and aluminosilicate materials like GGBS 
and RHA, where GGBS and RHA are a by-product of iron and steel manufacturing 
industries and agricultural waste, respectively [11]. This can be called as geopolymer, 
which can used as a replacement to OPC due to its large availability. Objective 
of this study is to obtain the optimum percentage of RHA required for achieving 
maximum strength in AAB and to develop high-strength GGBS–RHA-based AAB 
under ambient and oven curing.
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2 Materials and Methods 

2.1 Materials 

Fine Aggregate. Manufacturing sand is used as fine aggregate. It is obtained by 
crushing of rocks into fine angular shaped particles. The properties of fine aggregates 
used for specimen are found as per IS 2386 (Part 3)-1963 [12] given in Table 1 and 
gradation curve is shown in Fig. 1. 

Ground Granulated Blast Furnace Slag (GGBS). It is an aluminosilicate material 
from iron and steel manufacturing industries. GGBS is considered as environmental 
friendly material as it emits low levels of CO2 during production. Therefore, GGBS 
can effectively replace cement in concrete production. It is rich in calcium oxide, 
silica and alumina content which enhances the strength of AAB by adding alkali 
activator. GGBS shows good resistance against chloride, sulfate or other chemical 
attacks. The specific gravity of GGBS that were used in this experiment was found 
to be 2.53 [13]. 

Rice Husk Ash (RHA). Agricultural by-products like sugarcane bagasse ash which 
is available abundantly in India is used as a precursor material [14–16]. Similarly, 
nowadays, rice husk ash (RHA) an agricultural waste material is used as a precursor

Table 1 Properties of fine 
aggregate Properties Value 

Specific gravity 2.69 

Fineness modulus 2.60 

Loose bulk density 1398 kg/m3 

Compacted bulk density 1748 kg/m3 

Fig. 1 Gradation curve 
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material. The characteristic of RHA depends on temperature at which it is burned 
and the duration of burning. The ash contains 90–95% of silica. The residual ash 
has amorphous silica which is highly porous and have pozzolanic properties. It has 
great surface area because of its micro-porous structure. This amorphous silica in 
RHA, when reacting with alkali activators produces binders for AAB. From material 
property testing, the average value of specific gravity of RHA used in this study was 
2.25. 

Alkali Activator. The alkali activators generally used in AAB are sodium hydroxide 
and sodium silicate solution. These alkali activators activate the aluminosilicate mate-
rials such RHA, GGBS and initiate geopolymerization process. 10 M alkali activator 
is used. Alkali activators with high molarity gives better result in strength, workability 
and less demolding time. Previous literatures indicated as RHA content increases, 
strength of the mortar reduces. In order to achieve high strength and dense geopoly-
merization gel, higher molarity was adopted. Normally, to achieve high-strength 
alkali-activated binder, a molarity ranging between 8 and 16 M is used. However, for 
the present study, only 10 M is used. Using 10 M, the cost becomes high but it can 
be compensated in the cost of binder as GGBS and RHA are used instead of cement 
and maintenance cost for alkali-activated binder. 

2.2 Methods 

Casting of Specimen. For preparing the AAB, first alkali activators should be 
prepared. 10 M of NaOH is prepared. After 24 h, the NaOH solution and Na2SiO3 

are mixed in the ratio of 1:2 (NaOH:Na2SiO3). For control mix (G100) preparation, 
fine aggregates are mixed with GGBS in dry condition and then the alkaline solution 
is added to it as shown in Fig. 2. For mixes with RHA replacement of 5%, 10%, 
15%, 20% and 25% in 100% of GGBS, fine aggregates are mixed with GGBS and 
RHA in dry condition followed by addition of alkaline solution. 12 cubes of sizes 
70.6 mm × 70.6 mm × 70.6 mm are taken. After mixing, the prepared mortar is cast 
in the cubes as three layers by compacting manually as shown in Fig. 3. The  mix  
designations used in this study are given in Table 2. 

Fig. 2 Fresh geopolymer 
mortar
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Fig. 3 Casting of 
geoploymer mortar in cubes 

Table 2 Mix designation 
Cube 
designation 

Description 

G100 100% GGBS (control mix) 

G95R5 5% replaced RHA 

G90R10 10% replaced RHA 

G85R15 15% replaced RHA 

G80R20 20% replaced RHA 

Curing of Geopolymer Mortar. Curing of AAB is done in two ways, one by ambient 
curing and the other one by oven curing. Out of 12 cubes, 6 cubes are taken for ambient 
curing and remaining for oven curing for 7 and 28 days. After 24 h, specimens are 
demolded. For ambient curing, the specimens are kept in ambient condition as shown 
in Fig. 4. For oven curing, the specimens are kept in oven and heated at 60° C for 
6 h as shown in Fig. 5. After 6 h, specimens were kept at room temperature until the 
day of testing. 

Test on Fresh Mortar–Flow Table Test

Fig. 4 Specimens under 
ambient curing
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Fig. 5 Specimens under 
oven curing

(a) A truncated cone was filled with mix and placed at the center of the flow table. 
(b) After removal of truncated cone, the mix sample on table was dropped 

continuously for 25 times. 
(c) Then samples diameter was measured using a scale as shown in Fig. 6. This test 

specifies the workability of the sample [17]. 

Testing of Hardened Mortar–Compression Strength Test 

Compressive strength test was done on the cube specimens of 70.6 mm × 70.6 mm 
× 70.6 mm after 7 days and 28 days of curing in a compression testing machine (see 
Fig. 7). Load is noted at which crack occurs. The compressive strength is calculated 
by using the formula, 

fck = Pc/A
(
N/mm2)

where

Pc load at the failure 
A loaded area in mm2

Fig. 6 Flow table test 
apparatus 
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Fig. 7 Compression testing 
machine

f ck compressive strength in N/mm2. 

3 Results and Discussions 

3.1 Flow Table Test 

For AA/B = 0.45. Flow table test indicates the workability of the sample. Readings 
given in Table 3 and graph shown in Fig. 8 inferred that as addition of RHA increases, 
workability gets reduced when compared with control mix. 

For AA/B = 0.5. Readings given in Table 4 and graph shown in Fig. 9 inferred that 
as addition of RHA increases, workability gets reduced. It was observed whatever 
may be the AA/B ratio, as RHA content increases, the flow gets reduced due to the 
fineness of RHA.

Table 3 Flow diameter for 
mortar with AA/B ratio as 
0.45 

Mix name Flow value (in mm) Percentage increase (%) 

G100 227 127 

G95R5 171 71 

G90R10 142 42 

G85R15 135 35 

G80R20 120 20
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Fig. 8 Flow diameter of 
GGBS-RHA-based AAB 
(AA/B = 0.45)

Table 4 Flow diameter for 
mortar with AA/B ratio as 
0.50 

Mix name Flow value (in mm) Percentage increase (%) 

G95R5 232 132 

G90R10 228 128 

G85R15 216 116 

Fig. 9 Flow diameter of 
GGBS-RHA-based AAB 
(AA/B = 0.5) 

3.2 Compression Strength Test 

For AA/B ratio = 0.45. From the readings given in Table 5 and graph shown in 
Figs. 10 and 11, it was observed from the results that replacement of 100% of GGBS 
by 10% RHA (G90R10) has produced the maximum strength of 86.5 N/mm2 under 
28th oven curing, which is higher than the other mixes. Initially 5% RHA, a reduction 
in the strength is observed. This was because the Si content in RHA was insufficient 
to form a dense C–A–S–H gel. Whereas for 10% of RHA, the maximum strength 
was observed as Si content was sufficient for the reaction between Si, Al and Ca ions 
to form a dense C–A–S–H gel. When the RHA content is increased to 15%, though
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the Si content was sufficient but a reduction in strength was observed because of 
relatively larger particle size and low specific gravity which cause the formation of 
a weaker zone in the geopolymeric paste. 

Table 5 Compressive strength of AAB with AA/B = 0.45 
Mix Ambient curing Oven curing 

Compressive strength (N/mm2) Compressive strength (N/mm2) 

7th day 28th day 7th day 28th day 

G100 68.2 71.6 72.6 72.9 

G95R5 55.9 58.5 51.5 71.2 

G90R10 60.7 69.9 74.2 86.5 

G85R15 59.2 67.3 46.5 48.1 

G80R20 44.9 59.9 36.8 39.7 

Fig. 10 28th day 
compressive strength test 

Fig. 11 7th day compressive 
strength test
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Table 6 Compressive 
strength of AAB when AA/B 
= 0.5 Mix 

Mix Oven curing 

Compressive strength (N/mm2) 

7th day 28th day 

G95R5 59.3 59.7 

G90R10 54.4 53.1 

G85R15 47.2 57.7 

Fig. 12 Comparison of 7th 
day compressive strength test 
(for AA/B = 0.45 and 0.5) 

The maximum compressive strength achieved for G90R10 mix under 28th day 
ambient curing is 69.9 N/mm2, and for oven curing, the strength is 86.5 N/mm2. It is  
found that strength of AAB obtained under oven curing is greater than the strength 
obtained by ambient curing. The 28th day average compressive strength of AAB 
under oven curing is 29.8% higher than the ambient curing for G90R10 mix. It can 
be inferred that inducing heat during curing process can enhance geopolymerization 
reaction, which results in high strength of AAB. 

For AA/B ratio = 0.5. From the Table 6 and graph shown in Fig. 12, it can inferred 
that the maximum strength obtained at 28th day oven curing was 59.3 N/mm2 when 
GGBS is replaced by 5% of RHA (G95R5). It is found that strength got decreased 
while increasing AA/B ratio from 0.45 to 0.5 (see Fig. 13) which is due to its effect 
in microstructure of alkali-activated binder in terms of geopolymerization.

4 Conclusions 

Following conclusions are obtained from this study,

• That AAB under oven curing gives better compressive strength than AAB under 
ambient curing.
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Fig. 13 Comparison of 28th 
day compressive strength test 
(for AA/B = 0.45 and 0.5)

• Inducing heat during curing process enhances the geopolymerization reaction, 
which results in high-strength AAB.

• As alkali activator to binder ratio increases from 0.45 to 0.5, compressive strength 
reduces due to the changes in the microstructure of the binder.

• The optimum percentage of RHA is 10% at 28th day oven curing with AA/B ratio 
of 0.45, for achieving higher strength in AAB.

• The alkali-activated RHA-based binder is a eco-friendly and a sustainable material 
that is a best alternative for Ordinary Portland Cement to achieve high strength. 
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Performance as the Criteria 
for the Durability in Concrete Mix 
Proportioning 

B. Kameswara Rao and Rajasekhar Cheruvu 

1 Introduction 

Construction necessitates using a considerable amount of concrete and makes it the 
material with the second-highest consumption (only water consumes more). This 
chapter discusses the sustainability of concrete and assesses its carbon footprint 
from the life cycle and environmental impact perspectives, emphasizing cement, 
and cement substitute materials used in construction. The life cycle evaluation of 
concrete comprises data on the production of raw materials for concrete, concrete 
manufacture, the use of additional materials like fly ash and metakaolin, silica 
fume, ground-granulated blast-furnace slag, chemical admixtures, and concrete 
recycling. It describes reducing concrete’s environmental effect by employing 
partial cement replacement, enhancing cement manufacturing, developing alternative 
binders, reusing waste by-products, and improving Durability. This chapter discusses 
the substitution of cement with fly ash, GGBS, and silica fume; tested the rapid chlo-
rine penetration test to know the durability of concrete with different replacements 
binders and water-binder ratio. Corrosion of reinforcing steel caused by chloride 
intrusion is generally a prevailing environmental attack that causes concrete struc-
tures to deteriorate. Bridge deck overlays, parking garages, marine buildings, indus-
trial structures, etc., are being damaged because of the poor concrete quality, which 
causes corrosion that incurs repair costs in the millions of dollars annually. Because 
of recurring expenditures on repairs, the durability issue has been focused on more 
in recent years. 

Chlorides enter crack-free concrete via numerous methods, including capillary 
absorption, hydrostatic pressure, diffusion, and evaporative movement. Diffusion
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is the most common of them. Diffusion happens when chloride absorption on the 
external of a concrete member is larger than the concentration on the internal. As a 
result, chloride ions pass through the concrete to the reinforcement steel level. Condi-
tions of reinforcement corrosion are favorable in conjunction with alternate wetting 
and drying cycles in oxygen. The pore structure inside the concrete mainly deter-
mines the rate of chloride ion infiltration into the concrete. Factors influencing pore 
structure include mix design, degree of hydration, curing conditions, usage of extra 
cementitious ingredients, and building procedures. As a result, if chloride-induced 
corrosion is possible, the concrete must be tested for chloride permeability. We desire 
an effortless check to run for project conditions and quality-control purposes that can 
be completed quickly. The rapid chloride permeability test meets these objectives. 
Whiting invented the RCPT in 1981, and its results have been shown to match well 
with the traditional 90-day salt ponding test. AASHTO T 277 or ASTM C 1202 have 
standardized testing protocols. 

2 Literature Survey 

In the experimental study on the chloride penetration of concrete consisting of fly ash 
Class F, the authors stated that the chloride penetration is reduced with an enhance-
ment in fly ash from the test [1]. The compressive strength, diffusion, resistivity, chlo-
ride permeability, and accelerated corrosion of the concrete mix of ordinary Portland 
cement and pozzolana Portland cement [2]. From the RCPT test, authors stated that 
24% chloride penetration is less in PPC concrete than in OPC concrete. The compres-
sive strength, diffusion, resistivity, chloride permeability, and accelerated corrosion 
of the concrete mix consisting of the fly ash stated that partial replacement of the 
fly ash enhances the durability properties of concrete [3]. The compressive strength 
and RCPT tests were accomplished on the high-volume fly ash (HVFA) concrete 
and compared with plain concrete. The RCPT test revealed that HVFA had greater 
resistance than plain concrete [4]. Conducting two tests on the concrete that had 
been partially replaced with GGBS: the conventional RCPT test and the chloride ion 
penetration test using silver nitrate. These tests were performed in both normal and 
marine environments. The authors also stated that concrete in the marine environ-
ment acts similarly to normal concrete when GGBS is replaced at 30–50% [5]. RCPT 
tests compared the concrete of nanomaterials to plain or normal cement concrete. 
They found that chloride ion penetration had been decreased by the substitution 
of cement with nanomaterials [6]. The compressive strength testing, water penetra-
tion depth, and chloride permeability on plain concrete fly ash-based concrete and 
silica fume-based concrete. The authors developed a high-quality concrete mix with 
crushed limestone aggregate with the above testing data [7]. The strength and dura-
bility tests for fly ash and silica fume specimens were compared with plain concrete. 
They also correlated concrete’s compressive strength and durability properties with 
distinct replacements [8]. The durability assessment is chloride ion penetration in 
the concrete after substituting cement using Class F fly ash. The authors stated that



Performance as the Criteria for the Durability in Concrete Mix … 105

the major point as the RCPT value has decreased by the higher amounts of class 
F fly ash compared by non-fly ash concrete [9]. RCPT tests on ordinary Portland 
cement-based carbonated concrete and pozzolana Portland cement-based carbon-
ated concrete using three individual w/c ratios (0.40, 0.45, and 0.55). These samples 
were preserved in the accelerated carbonation chamber for 150 days at a constant 
10% carbon dioxide (CO2). It is seen that the low w/c of PPC-based concrete has great 
resistance in the carbonation and RCPT tests [10]. The mechanical and durability 
properties of LC3 concrete were studied and compared with all OPC concrete values 
and fly ash-based modified cement. The resistivity of LC3 concrete was greater than 
that of OPC and fly ash-based concrete [11]. The concrete’s compressive strength 
and durability properties. The alternate cementitious materials used in this exper-
iment are Alcofine and GGBS. Nine different mixes were cast in this experiment. 
They stated that using both cementitious materials enhanced the durability of the 
concrete [12]. The sulfate attack and RCPT, durability of concrete investigated the 
high volume of slag cement with a cement ratio: GGBFS is 50:50, having the w/ 
b ratio from 0.55 to 0.27, and tested for different ages of curing. The results stated 
that the chloride penetration is very low for later concrete ages [13]. The strength 
and chloride penetration of the concrete with different percentages of cement with 
GGBFS. The specimens were cast for different curing ages. It was concluded that 
at 50% replacement of GGBS, it had got better strength and chloride penetration 
than the other mixes cast and tested [14]. The popular technique in the study of 
non-destructive testing techniques is RCPT, but it has its limitations in the field. So, 
they adopted the electrical resistivity technique. This compared the results between 
both techniques. From the results obtained, it was found that those with less chloride 
permeability have larger resistivity. Hence, electrical resistivity directly influences 
chloride penetration [15]. In the experimental study on concrete’s strength and dura-
bility properties. They have done this test on high-strength concrete with a 50% 
concrete substitution. This 50% substitution outperformed the control mix regarding 
chloride penetration [16]. The chloride penetration per ASTM C 1202 with concrete 
was replaced with silica fume at different percentages. This test showed reduced chlo-
ride penetration when the cement was substituted with silica fume [17]. The inves-
tigation used concrete consisting of silica fume and rice husk ash as a substitution 
for slag cement. The durability of the concrete replaced with RHA follows the same 
trend as that of silica fume concrete. In rice-producing countries, RHA has an impact 
on substituting concrete as well as silica fume [18]. In the tests on high-performance 
concrete with the substitution of silica fume in cement. There were different percent-
ages of substitution of cement, like 5, 7.5, 10, and 12.5%. The chloride penetration 
decreases as there is an enhancement in the substitution of cement with silica fume 
[19]. A few tests were performed on fly ash and silica fume-modified concrete for 
different curing conditions. The testing was done to evaluate RCPT, RCMT, and 
electrical resistance on the fly ash and silica fume-based concrete. The resistance to 
chloride ion penetration decreases as the percentage of both cementitious materials 
increases [20]. An article [21] titled “A review on performance-based specifications 
toward concrete durability” mentioned that an obvious shift is detected globally 
from “prescriptive” to “performance-oriented specifications, particularly in the large
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Table 1 Physical properties 
of cement Property Value 

Specific gravity 3.15 

Bulk density (kg/m3) 1440 

Specific surface area (cm2/gm) 2960 

Standard consistency (%) 28 

Initial setting time (min.) 135 

Final setting time (min.) 240 

3D strength (MPa) 37.8 

7D strength (MPa) 48.0 

28D strength (MPa) 61.0 

infrastructure construction sector. The main objective of this research is to eval-
uate the “prescriptive approach” as well as the “performance-based approach”. The 
boundaries of the “prescriptive approach” are emphasized and the successful applica-
tion of the “performance-based approach”. It was observed that “performance-based 
specifications” can assure the accomplishment of essential quality and longstanding 
durability. 

3 Materials 

In this experimental investigation, OPC 53 grade is used. Fly ash and GGBS are 
employed as a mineral. Fine and coarse aggregates are obtained from a local quarry. 
The fine aggregate is confined to zone II; the coarse aggregate used is 12 and 20 mm. 
Different tests, like specific gravity, sieve analysis, etc., were carried out on all the 
materials used in experimentation. The following tables discuss OPC’s physical prop-
erties, chemical composition, cementitious materials, and superplasticizers. Aggre-
gates were tested as per I.S.: 383-2016, fly ash values as per ASTM C618. Cement 
is tested per I.S.: 269-2015 and I.S.: 4031-1988. 

Table 1 contains the physical properties, and Table 2 contains chemical compo-
sition of cement. Table 3 contains physical properties of the aggregates used in the 
investigation. Table 4 contains the physical properties of fly ash and GGBS. Tables 5 
and 6 contain the chemical compositions of the fly ash and the GGBS, respectively.

4 Mix Proportions 

This research considered three categories of binder contents (533.33, 400, and 320 kg/ 
m3), and water-binder ratios of 0.3, 0.4, and 0.5 were used to make concrete for 
testing. All fly ash and GGBS mixtures have a water content of 160 kg/m3. The
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Table 2 Chemical composition of cement 

Chemicals Value 

Lime saturation factor [CaO–(0.7SO3)/(2.8SiO2 + 1.2Al2O3 + 0.65Fe2O3)] 0.85 

Insoluble residue 3.26 

Magnesium oxide (MgO) 0.99 

Sulfur trioxide (SO3) 2.26 

Chloride 0.02 

Loss of ignition (LOI) 3.38 

Alumina ratio = (Al2O3/Fe2O3) 1.20 

Table 3 Physical properties of aggregates 

Material Fine aggregate Coarse aggregate 

Specific gravity 2.65 2.64 

Bulk density (kg/m3) 1700 1550 

Table 4 Physical properties of cementitious materials 

Materials Fly ash GGBS 

Specific gravity 2.25 2.91 

Specific surface area (cm2/gm) 3980 4000 

Table 5 Chemical composition of fly ash 

Oxides Percentages 

SiO2 + Al2O3 + Fe2O3 89.98 

Calcium oxide (CaO) 2.02 

Magnesium oxide (MgO) 1.89 

Sulfur trioxide (SO3) 0.15 

Potassium oxide (K2O) 3.09 

Titanium oxide (TiO2) 1.11 

Sodium trioxide (Na2O3) 0.28 

Loss of ignition 0.295 

Table 6 Chemical composition of GGBS 

Oxides Percentages 

Silicon dioxide (SiO2) 34.92 

Aluminum oxide (Al2O3) 19.29 

Ferric oxide (Fe2O3) 0.8 

Calcium oxide (CaO) 34.22 

Magnesium oxide (MgO) 8.97 

Others 3.41
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Table 7 Compressive strength 

Fly ash w/b 28D 56D 90D GGBS w/b 28D 56D 90D 

0 0.3 55.6 59.1 63.1 0 0.3 55.6 59.1 63.1 

20 0.3 54.7 60.4 66.7 20 0.3 56.9 66.7 71.1 

30 0.3 52.9 63.6 69.3 30 0.3 54.7 67.6 72.9 

40 0.3 51.1 60.4 65.8 40 0.3 53.3 64.4 69.8 

50 0.3 45.8 54.2 60.9 50 0.3 48.0 57.8 62.7 

60 0.3 40.0 51.6 58.7 60 0.3 38.2 53.3 58.7 

70 0.3 36.9 49.8 56.0 70 0.3 32.9 49.8 55.6 

0 0.4 46.2 50.7 55.1 0 0.4 46.2 50.7 55.1 

20 0.4 44.0 54.2 58.2 20 0.4 47.1 54.7 60.4 

30 0.4 43.1 55.1 59.6 30 0.4 44.9 57.3 63.1 

40 0.4 40.9 52.4 56.9 40 0.4 43.6 53.3 60.0 

50 0.4 38.2 48.4 53.3 50 0.4 38.7 50.7 56.9 

60 0.4 33.8 44.9 50.2 60 0.4 34.7 44.9 51.6 

70 0.4 30.7 41.3 48.4 70 0.4 32.0 41.3 48.4 

0 0.5 38.7 41.8 44.4 0 0.5 38.7 41.8 44.4 

20 0.5 36.0 42.7 46.7 20 0.5 40.0 44.9 55.6 

30 0.5 33.3 44.9 47.6 30 0.5 36.0 46.7 58.2 

40 0.5 30.7 41.8 45.8 40 0.5 34.2 44.0 54.2 

50 0.5 28.9 36.0 40.4 50 0.5 32.0 40.4 50.7 

60 0.5 25.3 32.0 37.3 60 0.5 28.9 38.2 47.1 

70 0.5 23.1 29.33 34.7 70 0.5 28.0 35.6 43.6 

mix was designed on a volumetric base, the binder content was fixed initially, later 
water-binder ratio set basing on it. The residual volume is balanced among fine and 
coarse aggregate in an inexact ratio of 34:66. Furthermore, the coarse aggregate was 
12 mm aggregate and 20 mm aggregate in a 40:60 ratio. The binder content of the 
PCE-based superplasticizer (S.P.) addition was also tuned to produce an aim slump 
of 80–120 mm. The concretes be uniformly mixed in a pan mixer at 25 rpm and 
27 °C in a pan mixer. The values of compressive strength are given in Table 7. 

5 Experimental Program 

D. Whiting of the Federal State Highway Authority created this method between 
1981 and 1988. This was accepted in the early 1990s by the American Association 
of State and Highway Transportation Officials (AASHTO) and in the late 1990s by 
ASTM. Diffusion, migration, capillary suction, adsorption, and desorption are all 
handled by it. This test is simpler and faster to do. It is a widely used test procedure
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all over the world. This test is to establish the resistance of chloride ions in concrete. 
The test on concrete in the laboratory evaluates the resistance to rapid chloride ion 
penetration. This test is mainly for evaluating the materials and material proportions 
that were used in the actual design. The specimen’s age is one of the critical factors 
governing the results. Initially, this method was used to evaluate alternative materials, 
but it was useful in quality control and acceptance testing over time. The apparatus 
is known as the rapid chloride permeability tester and tests as per the ASTM C 1202 
pattern. Electrical indication of concrete’s capacity to resist chloride ion penetration. 

Though there are many advantages to using rapid chloride ion permeability test 
(RCPT), this method has some criticism and limitations. They are: 

i. The specimen gets heated up due to high voltage, and the test may not represent 
the ambient condition. 

ii. The other negatively charged ions also may get transported in the given electrical 
field. 

iii. This may not be suitable for concretes with larger size aggregates. 
iv. Chloride ions may get transported to weak interfaces and micro-cracks. 

Despite the above limitations, the RCPT is the reasonably best method to evaluate 
the durability of concrete. 

The instrument has four cells, connecting cables, temperature sensors, desicca-
tors, vacuum pumps, and software. The rapid chloride permeability tester has four 
channels, and at a time, four concrete specimens can be tested by applying an elec-
trical potential across the specimen. When the RCPT tester is started for testing, 60 V 
D.C. is involuntarily selected by the instrument. It shows actual voltage, current, and 
temperature throughout the test period. It also simultaneously keeps logging the data 
required as per standard. A user can change test parameters before the test is started. 
Finally, collected software data can be saved, representing total change or Coulombs 
passed across the specimens. There are some demerits on the merits of this test, given 
that the sample is heated because of the high voltage. The test may not accurately 
depict the environment. Other negatively charged ions may be carried in the given 
electrical field. This may not be suited for concrete using bigger aggregates. Ions of 
chloride may be transferred across weak surfaces and micro-cracks. A photograph 
showing experimental setup of RCPT and a schematic diagram of the RCPT cell is 
shown in Fig. 1.

6 Results and Discussion 

The compressive strength results for the control concretes and fly ash concretes 
and the slag concretes at the ages of 28, 56, and 90 days are given in Table 7. A  
classification based on coulombs passed through specimens is reproduced in Table 8 
(based on ASTM C 1202). Table 9 and Figs. 2, 3 and 4 given the charge values 
passed through fly ash-based concrete specimens with a water-binder ratio of 0.3. 
The different ages (28, 56, and 90 days) were adopted in experimentation which
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Fig. 1 Chloride ion penetration apparatus

is for of water curing. The values for 0%, 20%, 30%, 40%, 50%, 60%, and 70% 
have decreased by 47.68%, 62.57%, 65.81%, 69.62%, 73.88%, 72.03%, and 68.3%, 
respectively, from 28 to 90 days water curing. The least chloride ion permeability is 
obtained at 70% fly ash replacement with cement, and the charges passed through 
it are 635, 300, and 195 Coulombs when tested at the ages of concrete mentioned 
above. 

Table 10 and Figs. 5, 6 and 7 given the charge values passed through fly ash-based 
concrete specimens with a water-binder ratio of 0.4. The different ages (28, 56, and 
90 days) were adopted in experimentation which is for of water curing. The values 
for 0%, 20%, 30%, 40%, 50%, 60%, and 70% have decreased by 21.68%, 59.39%, 
63.79%, 66.67%, 70.03%, 68.24%, and 70.34%, respectively, from 28 to 90 days 
water curing. The most negligible chloride ion permeability is obtained at 70% fly 
ash replacement with cement. The charge passed through it is 725, 375, and 215 
coulombs when tested at the ages of concrete mentioned above.

Table 11 and Figs. 8, 9 and 10 given the charge values passed through specimens of 
fly ash-based concrete with a water-binder ratio of 0.5. The values for 0%, 20%, 30%, 
40%, 50%, 60%, and 70% have decreased by 19.28%, 43.87%, 60.47%, 65.83%,

Table 8 Coulombs passed 
through specimens Charge passed in Coulombs Chloride ion penetrability 

More than 4000 High 

From 2000 to 4000 Moderate 

From 1000 to 2000 Low 

From 100 to 1000 Very low 

Less than 100 Negligible
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Table 9 Charge passed in Coulombs through 0.3 water/binder ratio specimens with fly ash 

RCPT (charge passed in Coulombs) 

w/b ratio Fly ash-% 28 days 56 days 90 days 

0.3 0 1617 1141 846 

0.3 20 1162 655 435 

0.3 30 1044 552 357 

0.3 40 951 422 289 

0.3 50 846 396 221 

0.3 60 740 326 207 

0.3 70 635 300 195 
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Fig. 2 w/b—0.3—fly ash—28 days

64.549%, 67.14%, and 64.24%, respectively, from 28 to 90 days water curing. The 
most negligible chloride ion permeability is obtained at 70% replacement of fly ash 
with cement, and the charges passed through it are 825, 395, and 295 coulombs when 
tested at the ages of concrete mentioned above, respectively.

Table 12 and Figs. 11, 12 and 13 given the charge values passed through GGBS-
based concrete specimens with a water-binder ratio of 0.3. The different ages (28, 
56, and 90 days) were adopted in experimentation which is for of water curing. The 
values for 0%, 20%, 30%, 40%, 50%, 60%, and 70% have decreased by 47.68%, 
53.39%, 51.09%, 56.69%, 55.17%, 65.75%, and 61.93%, respectively, from 28 to 
90 days water curing. The most negligible chloride ion permeability is obtained at 
70% replacement of GGBS with cement. The charges passed through it are 465, 285, 
and 177 coulombs when tested after tested at the ages of concrete mentioned above, 
respectively.
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Fig. 3 w/b—0.3—fly ash—56 days 
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Fig. 4 w/b—0.3—fly ash—90 days

Table 13 and Figs. 14, 15 and 16 given the charge values passed through GGBS-
based concrete specimens with a water-binder ratio of 0.4. The different ages (28, 
56, and 90 days) were adopted in experimentation which is for of water curing. The 
values for 0%, 20%, 30%, 40%, 50%, 60%, and 70% have decreased by 21.68%, 
62.14%, 64.37%, 69.31%, 72.88%, 77.11%, and 84.38%, respectively from 28 to 
90 days water curing. The most negligible chloride ion permeability is obtained at 
70% replacement of GGBS with cement. The charges passed through it are 1185, 350, 
and 185 coulombs when tested at the ages of concrete mentioned above, respectively.
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Table 10 Charge passed in Coulombs through 0.4 water/binder ratio specimens with fly ash 

RCPT (charge passed in Coulombs) 

w/b ratio Fly ash-% 28 days 56 days 90 days 

0.4 0 1820 1526 1398 

0.4 20 1214 839 493 

0.4 30 1113 587 403 

0.4 40 1038 528 346 

0.4 50 941 456 282 

0.4 60 866 400 275 

0.4 70 725 375 215 
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Fig. 5 w/b—0.4—fly ash—28 days

Table 14 and Figs. 17, 18 and 19 given the charge values passed through specimens 
of GGBS-based concrete with a water-binder ratio of 0.5. The different ages (28, 56, 
and 90 days) were adopted in experimentation which is for of water curing. The values 
for 0%, 20%, 30%, 40%, 50%, 60%, and 70% have decreased by 19.28%, 42.96%, 
55.56%, 69.53%, 72.67%, 77.03%, and 78.26%, respectively, from 28 to 90 days 
water curing. The least chloride ion permeability is obtained at 70% replacement 
of GGBS with cement, and the charges passed through it are 1265, 485, and 275 
coulombs when tested after 28, 56, and 90 days of curing, respectively.
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Fig. 6 w/b—0.4—fly ash—56 days 
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Fig. 7 w/b—0.4—fly ash—90 days

7 Conclusions

i. There is an increase in the permeability of chloride ions (number of coulombs) 
with the increase in the water-binder ratio. 

ii. There is a decrease in permeability with the increase in the percentage of supple-
mentary cementitious material (Fly ash and GGBS), which indicates the rise in 
terms of durability due to the reduction in the chloride ion permeability (number 
of coulombs).
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Table 11 Charge passed in Coulombs through 0.5 water/binder ratio specimens with fly ash 

RCPT (charge passed in Coulombs) 

w/b ratio Fly ash-% 28 days 56 days 90 days 

0.5 0 2075 1741 1675 

0.5 20 1395 946 783 

0.5 30 1194 637 472 

0.5 40 1150 552 393 

0.5 50 1055 477 374 

0.5 60 995 434 327 

0.5 70 825 395 295 
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Fig. 8 w/b—0.5—fly ash—28 days

iii. The permeability is reduced in all the mixes with the increase in age. This 
reduction is due to the pore refinement in concrete due to the formation of 
secondary CSH gel due to the pozzolanic reaction. 

iv. The above-published data will be helpful to the concrete mix designer to consider 
RCPT as the criterion for durability at the time of concrete mix proportioning.
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Fig. 9 w/b—0.5—fly ash—56 days 
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Fig. 10 w/b—0.5—fly ash—90 days
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Table 12 Charge passed in Coulombs through 0.3 water/binder ratio specimens with GGBS 

RCPT (charge passed in Coulombs) 

w/b ratio GGBS-% 28 days 56 days 90 days 

0.3 0 1617 1141 846 

0.3 20 1240 944 578 

0.3 30 1055 876 516 

0.3 40 900 734 427 

0.3 50 774 559 347 

0.3 60 587 385 201 

0.3 70 465 285 177 
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Fig. 11 w/b—0.3—GGBS—28 days
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Fig. 12 w/b—0.3—GGBS—56 days 
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Fig. 13 w/b—0.3—GGBS—90 days
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Table 13 Charge passed in coulombs through 0.4 w/b ratio specimens with GGBS 

RCPT (charge passed in Coulombs) 

w/b ratio GGBS-% 28 days 56 days 90 days 

0.4 0 1820 1526 1398 

0.4 20 1785 969 689 

0.4 30 1614 899 575 

0.4 40 1486 774 456 

0.4 50 1357 666 368 

0.4 60 1228 413 281 

0.4 70 1185 350 185 
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Fig. 14 w/b—0.4—GGBS—28 days
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Fig. 15 w/b—0.4—GGBS—56 days 
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Fig. 16 w/b—0.4—GGBS—90 days
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Table 14 Charge passed in Coulombs through 0.5 water/binder ratio specimens with GGBS 

RCPT (charge passed in Coulombs) 

w/b ratio GGBS-% 28 days 56 days 90 days 

0.5 0 2075 1741 1675 

0.5 20 1855 1068 1058 

0.5 30 1746 1018 776 

0.5 40 1546 821 471 

0.5 50 1445 734 395 

0.5 60 1341 531 308 

0.5 70 1265 485 275 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

R
C

P
T 

(C
ou

lo
m

bs
) 

% of GGBS 

28 Days 

0  10  20  30 40 50 60 70 80  

Fig. 17 w/b—0.5—GGBS—28 days
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Fig. 18 w/b—0.5—GGBS—56 days 
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Fig. 19 w/b—0.5—GGBS—90 days
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Influence of Nanosilica and Microsilica 
on Mechanical and Microstructural 
Properties of Self-cured Fibre-Blended 
Concrete 

J. Philips , V. Vandhana Devi , R. L. Lija  , P. Leeba Grace , 
and S. Sathish 

1 Introduction 

Concrete is universal construction material [1] which used in a wide range of civil 
engineering projects, including bridges, buildings, concrete spires and pavement 
surfaces [2–5]. Cement is predominate binder in concrete. Due to urbanization, the 
requirement of concrete production increases which directly impacts the manufac-
turing of cement. Many studies have been conducted in an effort to lessen the impact 
of the cement industry on global warming, either by increasing the effectiveness 
of the process for making cement or by using supplemental cementitious materials, 
which replace regular cement to some extent [6, 7]. One of the most intriguing 
pozzolanic admixtures is the mineral silica inclusions in cement-based products due 
to their successful performance. A modest number of nanoparticles can be added 
to concrete to change the nanostructure of the cementitious material and increase 
durability. Due to its superior performance in concrete compared to conventional 
mineral addition, nanosilica has recently attracted particular interest. These silica 
materials also hasten the hydration process, because to their considerable specific 
surface area and nanoparticle size. Additionally, they trigger the pozzolanic reaction, 
which increases the morphological and mineralogical characteristics of the cemen-
titious system by combining silica nanoparticles and calcium hydroxide to produce 
more C–S–H gel. The addition of silica nanoparticles to the cementitious system 
results in a microstructure with greater density and a better interfacial transition 
region, which enhances the mechanical performance of concrete. 

Singh et al. [8] stated that while silica nanoparticles and silica fume help to 
increase strength in the early stages, at later ages, strength enhancement shows a
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more or less comparable tendency. At the end of 28 days curing, the strength at 
compression of concrete made with fly ash and silica nanoparticles was 33% greater 
than that of control specimens. Silica nanoparticles produce higher early age strength 
as a result. This happens as a consequence of nanosilica changing the C–S–H gel 
structure from low-stiffed to high stiffed, which accelerates hydration rate at an early 
stage. Higher early age strength is due to the creation of highly rigid C–S–H, but 
because silica nanoparticles limit the microstructure’s porosity, later age hydration 
may be hampered. 

Khaloo et al. [9] researched that larger nanosilica particles enhance the mechan-
ical qualities of concrete more effectively than smaller ones. Behfarnia et al. [10] 
demonstrated that the 28-day and 90-day compressive strengths are increased by 
12% and 11%, respectively, by the addition of 3% nanosilica. Although the 28-day 
target strength of the cube by adding 5% nanosilica is even lower than that of the 
nominal sample, the strength was lowered by the larger percentage of nanosilica. 

Lo et al. [11] represented that quantitative analysis was done on the impacts of the 
addition levels of nano-SiO2 and replacement levels of used catalyst in a geopolymer. 
The sample with 0.5% more nanosilica was denser, more homogeneous, and had 
better particle-to-particle cementing than the other specimens, all of which enhanced 
the sample’s strength attributes. Shaikh et al. [12] stated that compressive strength 
of nanosilica containing mortars increases with nanosilica content up to 2% and 
declines with higher nanosilica concentrations, such as 4% and 6%. High-nanosilica 
content addition had no effect on the progress of strength at either age. 

Heikal et al. [13] stated that the heated concrete, including silica fume, performs 
poorly, especially at 10% replacement at temperatures higher than 350 °C. Moreover, 
silica fume raises internal steam pressure and matrix density at high temperatures. As 
a result, silica fume concretes quickly lose their strength, and at high temperatures, 
the structure becomes more broken and fragmented. 

Hendi et al. [14, 15] observed that a high-strength self-consolidating concrete 
that can withstand the medium of sulfuric acid is designed using a combination 
of micro and nanosilica (colloidal silica). Within seven days of curing, colloidal 
silica had little effect on cement hydration, but their combination increased calcium 
hydroxide consumption. According to the findings, additional pozzolan replacement 
could result in less mass loss, while nanosilica has only a little impact on remaining 
compressive strength. Li et al. [16] observed that the workability would diminish 
with the addition of microsilica and nanosilica, but the loss in workability might be 
made up for by increasing the super plasticizer dosage. Yet, nanosilica has an even 
larger requirement for super plasticizer than microsilica does. 

Aisheh et al. [17] observed that the mechanical properties of UHP-GPC are 
complexly affected by the addition of microsilica. When the microsilica dose was 
raised from 5 to 15%, mechanical properties were impaired [18]. These characteris-
tics might be retained or even improved when the microsilica volume is greater than 
15%. Due to a stronger bonding property between the matrix and steel fibre, when 
the microsilica volume of UHP-GPC was higher than 15%, mechanical strength and 
cracking characteristics improved.
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Lou et al. [19] reviewed that the microstructure and interfacial transition zone 
between the aggregate and cement matrix are improved when silica fume is employed 
as an additional cementitious ingredient. This improves the performance of compos-
ites. The strength due to compressive load was improved to 21% by the use of silica 
fume up to 14% in place of cement. Compressive strength is increased physically 
as a result of silica fume and better granular material packing filling cement particle 
gaps. They reported that the ideal silica fume content for split tensile strength was 
between 15 and 25%, similar to the cube’s strength. The splitting strength due to 
tensile was reduced as silica fume content was increased further. Said et al. [20] 
suggested that the incorporation of nanosilica, the strength typically rose up to 6% 
at all curing ages. The cementitious matrix’s conductivity is significantly decreased 
and its pore structure is improved by the introduction of tiny doses of nanosilica. 

When it relates to traditional concrete constructions, the process of strength-
gaining is crucial to achieving the appropriate qualities. Concrete needs to cure for 
28 days with the right amount of water in order to reach the desired strength. Internal 
curing is a contemporary method of curing concrete that, owing to the moisture 
content in it, cured itself. Water conservation and maintaining relative humidity 
levels are major challenges in hot, dry areas. The fundamental purpose of curing 
concrete is to keep the moisture level constant so that the cement can continue to 
hydrate. 

According to numerous studies, [21–23] the inclusion of self-curing water-soluble 
compounds like polyethylene glycol significantly enhances the physical characteris-
tics of concrete, such as moisture retention, absorption and permeability. Due to its 
deep microstructure, high-strength concrete is unable to absorb external curing water 
into its interior, which is necessary for the hydration process to be fully completed. 
Amin et al. [21] concluded that the compressive strength of concrete mixtures can be 
increased by self-curing with polyethylene glycol and porous ceramic waste aggre-
gate up to 3% PEG dosages and 20% substitution ratios of coarse aggregates for 
porous ceramic waste aggregate. 

Younis et al. [24] found that 1.5% PEG is the recommended dose and increased 
compression strength by 48.87% as compared to AC samples. Mokhtari and 
Madhkhan [25] stated that due to PEG 600 has a negative effect on concrete strength, 
the compressive and tensile strengths of concrete decreased when the mass fraction 
of SSPCM was increased. 

Concrete has a few drawbacks, including its brittleness, which renders it suscep-
tible to crack development and spread, as well as its poor tensile, strain, and energy 
absorbing capacities [26–28]. The non-reinforced concrete matrix may elastically 
deform under tension until it failed as a result of the growth of microcracks and the 
emergence of local macrocracks [29, 30]. Due to numerous influencing parameters, 
including fibre type, strength, modulus, aspect ratio, fibre content, aggregate size, and 
matrix strength, fibre reinforcing of concrete enhances the post-cracking behaviour of 
brittle concrete following the elastic stage [31–33]. In an effort, synthetic fibres like 
polypropylene and polyethylene were mixed, which resulted in increased concrete 
hardness, flexural strength and performance against impact loads [34, 35].
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Ioannou et al. [36] briefed that when fly ash is added to fibre-reinforced microsilica 
cement mixtures, the setting periods are prolonged, Ettringite, C–S–H gel and 
calcium hydroxide contents fall, and the consistency peaks are lowered, notably in 
mixes with fly ash concentrations above 30%. Tayeh et al. [37, 38] found that the split 
tensile strength rose when 35% microsilica was combined with 0.5–3% polypropy-
lene fibre. Comparing with control sample, the compressive strength was increased 
by roughly 20% by adding 35% microsilica with polypropylene fibre. Orouji and 
Najaf [39] concluded that by using polypropylene fibres, concrete’s compressive 
strength was somewhat boosted; as a result, 1.5% fibre addition resulted in a 4.6% 
enhancement in strength. Yet, the behaviour of fibre-containing concrete was totally 
ductile, preventing specimen failure due to brittleness. 

Despite numerous studies on the mechanical and freshly hardened character-
istics of cementitious systems incorporating silica nanoparticles, there lack many 
studies in the published literature on how Silica Nanoparticles added to self-curing 
fibre-blended concrete affect the cementitious system’s strength and microstructural 
features. So, the effect of nanosilica and microsilica addition on the strength qualities 
for self-cured fibre-blended concrete specimens has been investigated in the current 
work. 

2 Materials 

2.1 Ordinary Portland Cement (OPC) 

For this experimental research, self-cured fibre-blended concrete was made using 
cementitious material of Grade 53 Ordinary Portland cement. The physical char-
acteristics of OPC in Grade 53 were assessed in accordance with IS: 4031-1988, 
[40, 41] and the results were summarized in accordance with IS: 12269-1987 [42]. 
Table 1 contains a list physical attributes of the Grade 53 OPC utilized in this study. 

Table 1 Physical attributes 
of OPC53 Grade Attributes Results 

Standard consistency 35% 

Fineness 4% 

Specific gravity 3.14 

Initial setting time 40 min 

Final setting time 275 min
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Table 2 Physical attributes 
of aggregates Attributes FA CA 

Density (kg/m3) 1.62 1.20 

Specific gravity 2.70 2.85 

Fineness modulus 2.74 7.12 

2.2 Fine Aggregate (FA) 

Manufacturing sand with granules smaller than 4.75 mm was utilized as filler material 
in the fine aggregate category. The fine aggregate underwent a test in accordance with 
IS 383-1970 [43]. The physical attributes of manufacturing sand are summarized in 
Table 2. 

2.3 Coarse Aggregate (CA) 

In this investigation, a locally accessible crushed aggregate was used as filler in the 
coarse aggregate category. The aggregates are angular shaped with particle sizes 
ranging from 20 to 10 mm. Its characteristics in accordance with IS 383-1970 influ-
ence the concrete’s strength, and it should be free of impurities of mineral deposits and 
contaminants. The results of the examination of the coarse aggregates in accordance 
with IS: 2386-1963 [44, 45] are summarized in Table 2. 

2.4 Chemical Admixture 

For increased concrete workability, Ceraplast300, a high-grade naphthalene-based 
super plasticizer (SP), is strongly advised. Ceraplast300 improves the workability 
of concrete without creating air intrusion and also coats the particles because to its 
excellent dispersion properties. The mix will be more homogeneous attributed to the 
consistent distribution, which lowers the possibility of segregation during placement. 
Table 3 provides a list of the Ceraplast300’s as per IS 9103-1999 [46]. 

Table 3 Physical attributes 
of admixture Attributes Values 

Type Liquid 

Colour Dark brown 

Solubility Soluble in water 

Specific gravity 1.22
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Table 4 Physical attributes 
of polypropylene fibre Attributes Values 

Density (g/cm3) 0.91 

Tensile strength (MPa) 300–750 

Elongation (%) 15 

Modulus of elasticity (GPa) 3.5–5 

Aspect ratio 50 

2.5 Polypropylene Fibre (PPF) 

Fibre is a filament that is used to make vegetable tissue, mineral material, or textile. 
Both polymeric and mineral bases can be found in synthetic fibres. The majority 

of the times, synthetic fibres are more resilient than other natural fibres. For this 
investigation polypropylene fibre was used with a dosage of 0.2% of volume of 
concrete. Table 4 lists the physical parameters of polypropylene fibre employed in 
this research. 

2.6 Mineral Admixture 

Mineral admixtures are typically added to concrete in higher proportions to increase 
its workability, resistance to heat cracking, alkali-aggregate elongation and sulphate 
attack, as well as facilitate a decrease in the amount of cement. 

2.6.1 Nanosilica (NS) 

Nanosilica, commonly known as quartz dust, is a substance that has a high SiO2 

content of above 99%. Besides lowering the quantity of cement required, the appli-
cation of nanosilica completes the gradation curve of the aggregate mix in the region 
of the smallest sizes. Its goal is to provide a “filler effect,” or to fill in spaces and 
so increase the concrete’s compactness. Table 5 lists the physical parameters of 
nanosilica employed in this research. 

Table 5 Physical attributes 
of mineral admixtures Attributes NS MS 

Appearance Powder Powder 

Colour White White 

Particle size 15 nm 150 nm 

Specific gravity 1.16 2.2
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Table 6 Physical attributes 
of PEG-200 Attributes Values 

Type Liquid 

Colour Colourless 

Solubility Soluble in water 

Specific gravity 1.13 

2.6.2 Microsilica (MS) 

A powdery residue of the production of silicon and ferro-silica from quartz, lime-
stone, and iron is known as microsilica or silicafume. Electrostatic filters are used to 
catch the dust produced by electric furnaces. It is composed of mostly amorphous 
SiO2 (82–96%) and very small, spherical particles (with a greater particles of less 
than 1 µm size). Table 5 lists the physical parameters of microsilica employed in this 
research. 

2.7 Polyethylene Glycol 

PEG, or polyethylene glycol, is a substance that aids in both water retention and 
reducing water evaporation from concrete surfaces. In order to lower the chemical 
reactivity of the molecules and form bonds of hydrogen with the water molecules, 
the polymers are incorporated to the mixture. This lowers the pressure of the vapour 
and slows the process of surface evaporation. For this investigation, PEG-200 was 
used with a dose of 1.0% of weight of binding materials. Table 6 lists the physical 
parameters of PEG-200 employed in this research. 

3 Methodology 

3.1 Mix Design 

A self-cured fibre-blended concrete was prepared with various concentrations of 
mineral admixtures like nanosilica (NS) and microsilica (MS) for replacement of 
OPC. The nominal mix with a grade of M20 was prepared with cement content of 
350 kg/m3 and water cement ratio of 0.53 as per IS456-2000 [47]. The dosage of 
self-curing agent PEG-200 was a constant of 1% of weight of cementitious materials. 
The dosage of polypropylene (PF) fibre was a constant of 0.2% of concrete volume 
for all mix proportions other than nominal concrete mix. The nanosilica dosage was 
varying with 0.5, 1.0, 1.5 and 2.0% of weight of cement. Similarly, the concentration 
of microsilica was varying with 2, 4, 6 and 8% of weight of cement. There were 11
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Table 7 Mix design proportions of fibre-blended concrete 

Mix ingredients (kg/m3) 

Mix 
ID 

Mix OPC NS MS FA CA Water PF PEG SP 

M0 NOMINAL 350 – – 689 1258 186 0.00 0.00 0.00 

M1 PEG 350 – – 689 1258 186 0.00 3.50 0.00 

M2 PEG + PF 350 – – 689 1258 186 2.00 3.50 3.50 

M3 0.5 NS + 
PEG + PF 

348.2 1.8 – 689 1258 186 2.00 3.50 3.50 

M4 1.0 NS + 
PEG + PF 

346.5 3.5 – 689 1258 186 2.00 3.50 3.50 

M5 1.5 NS + 
PEG + PF 

344.7 5.3 – 689 1258 186 2.00 3.50 3.50 

M6 2.0 NS + 
PEG + PF 

343.0 7.0 – 689 1258 186 2.00 3.50 3.50 

M7 2.0 MS + 
PEG + PF 

343.0 – 7.0 689 1258 186 2.00 3.50 3.50 

M8 4.0 MS + 
PEG + PF 

336.0 – 14.0 689 1258 186 2.00 3.50 3.50 

M9 6.0 MS + 
PEG + PF 

329.0 – 21.0 689 1258 186 2.00 3.50 3.50 

M10 8.0 MS + 
PEG + PF 

322.0 – 28.0 689 1258 186 2.00 3.50 3.50 

different mix proportions created in total, one of which was a nominal mix that cured 
using standard water curing and had no siliceous ingredients replaced. The various 
mix ratios according to IS 10262-2009 [48] are listed in Table 7. 

3.2 Casting and Testing Procedures 

For testing the characteristic compressive strength, the concrete specimens were cast 
in a cube mould of 150 mm size. The concrete mix proportions were cast and extracted 
from the casting mould after a period of twenty-four hours. Then the specimens were 
kept in a room temperature environment for 28 days of self-internal curing due to 
PEG-200. Similarly, for testing the splitting strength of concrete due to tensile load, 
the cylinder specimens of size 150 mm cross-sectional diameter and 300 mm height 
were cast and self-cured. For evaluating the strength due to flexure of plain concrete, 
the beam of lateral dimensions 100 mm × 100 mm and longitudinal size of 500 mm 
was cast and self-cured. 

A testing machine which is used to check the strength due to compression load 
with a 2000 kN capacity was utilized to measure the cube’s strength and the cylinder’s 
strength. The cube’s strength for compression load was measured using the guidelines
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outlined in IS: 516-1959 [49]. The standards described in IS: 5816-1999 [50] were  
used to evaluate the cylinder’s tensile strength. The 400 kN-capable Universal Testing 
Machine (UTM) was utilized to evaluate the plain concrete beam’s strength due to 
flexural load. 

4 Results and Discussion 

4.1 Mechanical Characteristics 

4.1.1 Compressive Strength 

The target compressive strength of nominal mix was achieved for M20 grade 
concrete. The compressive strength of mix (M3) with 0.5% replacement of nanosilica 
was 22.89 MPa and 33.56 MPa with an internal curing of 7 days and 28 days, respec-
tively. The strength increment is 23.3% and 17.5% at 7 days and 28 days internal 
curing for 0.5% replacement of nanosilica, respectively. The compressive strength 
of mix (M10) with 8.0% replacement of microsilica was 22.56 MPa and 32.56 MPa 
with an internal curing of 7 days and 28 days, respectively. The strength increment 
is 21.6% and 14% at 7 days and 28 days internal curing for 8.0% replacement of 
microsilica, respectively. The effect of polypropylene fibre with internal curing was 
visible with strength variation of 7.2% and 10.5% at 7 days and 28 days, respec-
tively, when compared to nominal mix. Table 8 gives the results of the compressive 
strength of various mixes (M0 to M11). Figure 1 shows that when the addition 
nanosilica decreases the compressive strength. Similarly, the addition of microsilica 
up to 8% dose increases the compressive strength. But past researchers mentioned 
that the optimum dose of microsilica for increment of strength was 8–10%. Further 
addition of microsilica decreases the strength of concrete mixtures.

4.1.2 Split Tensile Strength 

The results of 28 days split tensile strength of various mixes were given in Table 9. 
The strength of the nominal mix (M0) was 3.06 MPa at 28 days of water curing. 
But the tensile strength of nominal mix with 28 days internal curing without any 
admixtures (M1) was 3.20 MPa. The strength variation was 4.6% higher than mix 
with normal water curing. The optimum result for split tensile strength from the 
Table 9 was 3.88 MPa for mix (M4) 0.5% nanosilica replacement with cement. The 
strength variation of mix (M4) was 26.8% higher than concrete the nominal mix (M0). 
The mixes with replacement of nanosilica particles were shown good mechanical 
characteristics due to the nanoparticles higher specific surface area and size of the 
nanoparticles. The nanoparticles occupied the gap in between the cement particles 
made the concrete denser. Polypropylene fibre has good tensile strength. When the
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Table 8 Compressive 
strength of cube specimens Mix IDs 7 days (MPa) 28 days (MPa) 

M0 18.56 28.56 

M1 19.56 30.37 

M2 19.89 31.56 

M3 22.89 33.56 

M4 22.33 32.87 

M5 22.00 32.67 

M6 21.67 32.33 

M7 19.56 30.89 

M8 20.56 31.56 

M9 21.89 31.89 

M10 22.56 32.56 
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Fig. 1 Compressive strength variations

fibre is incorporated to concrete, it enhanced the tensile strength of concrete. Figure 2 
represents the split tensile strength variations of various mixes.

4.1.3 Flexural Strength 

The results of 28 days flexural strength of various mixes were given in Table 9. 
The flexural strength of mix (M2) with polypropylene incorporated concrete under 
internal curing without any admixtures was 4.90 MPa. The strength increment 
was phenomenal due to the incorporation of fibres. The small discrete fibres are 
acting as bridge to avoid the minor cracks. The cracks are the main reason for the



Influence of Nanosilica and Microsilica on Mechanical … 135

Table 9 Split tensile strength and flexural strength 

Mix ID Split tensile strength (MPa) Flexural strength (MPa) 

M0 3.06 3.56 

M1 3.20 3.68 

M2 3.65 4.90 

M3 3.88 5.80 

M4 3.85 5.62 

M5 3.82 5.55 

M6 3.80 5.36 

M7 3.75 5.28 

M8 3.78 5.30 

M9 3.79 5.32 

M10 3.82 5.40 

0 

1 

2 

3 

4 

5 

6 

7 

M0 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 

St
re

ng
th

 (M
pa

) 

Mix IDs 

Split Tensile 

Flexural 

Fig. 2 Split tensile and flexural strength variations

minimisation of life span of any concrete structures. The optimum flexural strength 
obtained was 5.80 MPa for a 0.5% replacement of nanosilica (M3). The mixtures 
with microsilica replacement of cement showed good results in flexural strength 
behaviour. The optimum strength of 8% microsilica replacement with cement (M10) 
was 5.40 MPa. The optimum strength variation between nanosilica and microsilica 
was 7.4%. Figure 2 shows the variations in the modulus of rupture for various mixes.
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4.2 Microstructural Characteristics 

4.2.1 Scanning Electron Microscopy (SEM) 

Concrete paste containing microsilica and nanosilica microstructure was compared 
using images from scanning electron microscopy (SEM). Figure 3a, b is SEM of 
the nominal mix and 0.5% nanosilica mix concrete, respectively. It was discov-
ered that adding nanosilica improved the way the concrete matrix hydrated. By 
contrasting the microstructures of the control mixture and 0.5% nanosilica concrete, 
it was discovered that nanosilica not only packed the spaces between the concrete 
matrix’s particles but also encouraged chemical reaction and produced C–S–H gel to 
seal the holes of the concrete slurry. Because of this, the tiny silica particles enhanced 
the concrete’s mechanical and durability attributes. Figure 3b demonstrates that the 
C–S–H gel created by the chemical reaction of nanosilica particles has filled the 
pores of concrete paste in addition to the spaces between the particles in the concrete 
matrix. SEM images demonstrate that nanosilica particles have filled the pores of the 
concrete matrix similarly to microsilica particles, with the exception that they have 
also formed a laminate structure. This laminate structure appears to be the cause of 
the decreased resistance of concrete to the penetration of undesirable agents. This 
gel clings to the particles, fills in their spaces and connects them to one another. 

Figure 4a demonstrates that the nominal mix (M0) sample’s microstructure has 
substantial flaws, the outcomes of hydration are not tightly coupled with the aggre-
gate, the ITZ is fragile, and there are clear fissures. Figure 4b shows that adding 0.5% 
nanosilica (M3) can enhance cement hydration to some level after less cement has 
been added to the concrete, resulting in denser and more uniform hydration results. 
Concrete now has a noticeably better microstructure. The hydration products are 
wrapped around the aggregate in the thick interface transition zone of the M3 spec-
imen. Significantly improved interface bonding occurs between the slurry and the 
aggregate.

a b 

Fig. 3 a SEM image of nominal mix [51] b SEM image of nanosilica mix [51] 
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a b 

Fig. 4 a, b SEM image of ITZ of nominal and nanosilica replaced mix [52] 

5 Conclusion 

Examining the strength and microstructural behaviour of self-cured fibre-blended 
concrete that was made with various cementitious material substitutes was the aim 
of this investigation. The findings of various tests may be combined to provide a final 
conclusion:

• The cube’s compressive strength and cylinder’s splitting strength due to tensile 
load of (M3) mix with a nanosilica dosage of 0.5% are 33.56 MPa and 3.88 MPa, 
respectively, under the condition of reducing cement content in concrete, when 
the standard curing age is 28 days. These values are 17.5% and 26.8% higher than 
those of the nominal mix (M0) at 28 days. But for 7 days, the strength variation 
is 23.3% higher than 28 days strength. The outcomes demonstrate that adding the 
right quantity of nanosilica can greatly enhance concrete’s mechanical qualities. 
The exceptionally high activity of nanosilica when used to replace some of the 
cement aids in promoting the process of hydration of concrete, which results in 
increase strength at an early stage.

• The compressive strength of mix (M10) with 8.0% substitution of microsilica was 
increased by 14% at 28 days compared to nominal mix. At 7 and 28 days, the 
strength variation of the nominal mix with its own curing agent PEG-200 without 
any mineral or chemical admixtures (M2) was 5.4% and 6.3% greater compared 
to the normal mix (M0).

• The most effective flexural strength was 5.80 MPa with a nanosilica substitution of 
0.5% (M3). When compared to the nominal concrete mix (M0), the strength varia-
tion was 63% higher. The enhancement in strength performance was significantly 
impacted by PEG-200. The 8% microsilica replacement with cement’s (M10) 
maximum strength was 5.40 MPa. In terms of strength, the optimal difference 
between nanosilica and microsilica was 7.4%. When compared to microsilica, 
the nanosilica proportions produced better results for the modulus of rupture.

• The mix (M4) with a 0.5% nanosilica substitution had the best split tensile strength 
value at 3.88 MPa. In comparison to the nominal mix (M0), the strength varia-
tion of the mix (M4) was 26.8% higher. Due of the nanoparticles’ increased
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specific surface area and smaller size, mixtures including nanosilica particles 
demonstrated good mechanical properties. The 8% microsilica replacement with 
cement’s (M10) maximum spilt tensile strength was 3.82 MPa. The ideal strength 
disparity between nanosilica and microsilica was 1.5%.

• The pozzolan activity of nanosilica is greater. Because the pozzolanic reaction is 
more sufficient in the early stage, the initial strength enhancing impact caused by 
nanosilica concrete is greater. Smaller nanosilica particles and a weaker pozzolan 
reaction are caused by an increase in curing time. As a result, the later period’s 
improving impact of nanosilica on the strength of concrete is diminished.

• From SEM analysis, the addition of nanosilica caused changes in the composi-
tion of the hydration products produced during the process of hydration, which 
improved the microstructure of the concrete and increased its compactness. The 
mechanical properties are ultimately improved as a result of this. 
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Influence of Fly Ash on Mechanical 
Properties of Slag-Based 
Alkali-Activated Concrete with Low 
NaOH Concentrations 

Mangalapuri Venkateswarlu and T. D. Gunneswara Rao 

1 Introduction 

The cement manufacturing process emits a large amount of CO2, which has a negative 
impact on the environment. About 7% of carbon dioxide emissions are from cement 
industries. One ton of cement production emits about one ton of carbon dioxide 
into the atmosphere. To reduce these harmful effects (CO2) on the environment, 
OPC needs new sustainable building materials. Use of locally available Supplemen-
tary Cement Materials (SCM) such as fly ash and GGBFS in concrete production 
reduces environmental pollution and landfill burden [1]. Activation of clinker-free 
supplementary cement materials with alkaline activator solution produces Alkali-
Activated Concrete (AAC) and Geopolymer Concretes (GPC) [2–4]. GGBFS exhibits 
pozzolanic behavior and good binding properties in base media with low heat of 
hydration, and it gives better mechanical strength and high resistance to corro-
sive chemicals [5]. But there was setting time and workability problems with these 
GGBFS based alkali-activated concretes [6, 7]. The inclusion of low calcium fly ash 
as a binder result in less strength in room curing conditions [8, 9]. So, heat curing 
or oven curing over 600 °C is required to attain strength, this is difficulty to provide 
in in situ conditions. The NaOH solution molarity plays a prominent role in the 
dissolution of compounds present in source materials (fly ash and GGBFS) such as 
alumina and silica. Higher concentration of this chemical leads to higher alkaline 
medium which leads to faster dissolution and faster polymerization. Whereas using 
low concentrations of NaOH solution instead of high levels of sodium hydroxide
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(NaOH) for concrete production can reduce the risk and cost associated with it 
[6]. Alkaline Ratio (AR) plays important role strength development high alkaline 
ratios lead to uneconomical mix and low alkaline ratio leads to poor mechanical 
strength [6–9]. Fly-ash-based GPC (FGPC) and Slag-based AAC (SAAC) are manu-
factured without Portland cement. Many studies have shown that GPC and AAC 
have mechanical properties comparable to OPC concrete. 

The engineering aspects of alkali activated slag-fly ash concrete (AASFC) 
prepared using 4 M and 6 M NaOH solutions under ambient conditions were inves-
tigated by Lee et al. [10], and the results revealed that the compressive strengths of 
AASFC increased effectively with increasing slag (GGBFS) and sodium hydroxide 
molar concentrations, but modulus of elasticity values were slightly lower than those 
of conventional concretes (OPC based). Indirect tensile strengths also shown less 
values than OPCs. Under the same curing conditions, Fang et al. [11] observed 
similar types of behavior using 10 and 12 M NaOH solutions. Fernandez-Jimenez 
et al. [12] investigated the engineering features of heat-cured Fly ash-based Alkali-
Activated Concrete (FAAC). According to the test results, FAAC has higher indirect 
tensile and flexural strengths than OPC. However, the modulus of elasticity of FAAC 
is lower than that of conventional concretes (OPCs). Bernal et al. [13] investigated 
the engineering aspects of SAAC in room curing. According to the test results, 
SAACs compressive strength was comparable to that of OPC; however, the indirect 
tensile strengths (split tensile and flexure) were slightly greater than conventional 
concretes (OPCs). Ryu et al. [14] investigated mechanical characteristics of FGPC 
under heat and air curing conditions with higher NaOH concentrations. According to 
the test results, mechanical strengths improved in heat-cured FGPCs over air-cured 
ones, and early strengths increased significantly due to higher NaOH concentrations. 
Increasing of GGBFS in fly-based geopolymer concretes increases the compressive 
strength under ambient curing conditions [15, 16]. The engineering characteristics 
of FGPC under heat-curing were investigated by Kamal et al. [17]. According to the 
test results, FGPC has better split tensile and flexural strengths than conventional 
concretes (OPCs), but it also has a similar MOE. Ivan et al. [18] developed equations 
for split tensile, flexural strengths in terms of compressive strength in FGPC and vali-
dated those equations with existed codes. And developed equations were satisfied 
the code provisions. Xie et al. [19] revealed that MOE in recycled aggregate GPC 
decreased with increasing fly ash content. However, increasing GGBFS reduces the 
ductility of the specimen while increasing its stiffness and resistance to deformation at 
peak stress. Furthermore, as GGBFS increased, ultimate strains decreased after peak 
stress. Peethamparan and Thomas [20] investigated the engineering aspects as well 
as stress–strain behaviors in fly ash, or GGBFS, as a solo binder in alkali-activated 
concrete (FAAC and SAAC). In the stress–strain curve, SAAC exhibits more brittle 
behavior than FAAC, and there is also more change observed before and after the 
peak stress. SAAC has higher modulus of elasticity readings than FACC. Venu and 
Gunneswara Rao [21] conducted experimental study on stress–strain behavior of 
fly ash-GGBFS-based GPC. From results, increasing GGBFS enhanced the elastic 
modulus while lowering maximum strains.
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The majority of earlier investigations concentrated on the mechanical and fresh 
characteristics of AACs or GPCs made solely of fly ash, or GGBFS. Using both fly 
ash and GGBFS as binders, very little research has been done on GPC and AAC. 
Nearly all research has made use of NaOH solutions with higher concentrations. 
More research on AASFC is required because FAAC has excellent fresh properties 
but strength issues. Similarly, SAAC is stronger in terms of strength but has issues 
with workability. On the other hand, using low concentrations of NaOH solution 
instead of high levels of sodium hydroxide (NaOH) for concrete manufacture might 
lower the danger and cost connected with it. Understanding the engineering character-
istics and stress–strain behaviors of AASFCs is critical in concrete structure design. 
Effectiveness of fly ash on engineering aspects and stress–strain behaviors of slag-
based alkali-activated concrete with low NaOH concentrations at room temperature 
is investigated in this research. 

2 Experimental Program 

2.1 Materials 

In this study, GGBFS and fly ash were used as binding material. GGBFS was taken 
from JSW cements Warangal and confirms to IS:12089-1987 [22], its specific gravity 
and specific surface are values are 2.9 and 355 m2/kg, respectively. Fly ash was 
obtained from the Ramagundam thermal power plant in Telangana and confirms to 
IS:3812-1981 [23], its specific gravity and specific surface area of the fly ash used 
were 2.11 and 450 m2/kg, respectively. Coarse aggregates of nominal size of 12.5 mm 
and this confirms IS:383 (1970) [24] were used, its specific gravity value is 2.79, the 
nominal size of fine aggregate is 4.75 mm and this confirms IS:383 (1970) [24], its 
specific gravity value is 2.62. In this study, Sulfonated naphthalene-based polymers 
were used as Superplasticizer (SP), that is, Conplast SP430 and this SP complying 
with IS:9103-999 [25] and BS: 5075 Part 1 [26] and which was obtained from Fosroc 
chemicals. And also, the dosage of SP 6% used in all the mixes. 

2.2 Mixing of Alkali-Activated Solution and Mix Proportions 
of AASFC 

Molarities of 1, 2, and 4 M of NaOH solution were used in mixes A, B, and C, 
respectively, but a fixed Alkaline Ratio (AR) of 1.5 was used in all mixes, which was 
decided by previous studies [6, 7, 27] as well as the relevant details are given in the 
Table 1. Both samples of NaOH and Na2SiO3 solutions were mixed before 24 h to 
obtain proper mixing.



144 M. Venkateswarlu and T. D. Gunneswara Rao

Table 1 Mix proportioning of AASFC 

Mix 
designation 

Binder (B) Alkaline 
solution (S) 
(kg) 

Aggregates S/B ratio 

GGBFS (kg) Fly ash (kg) Fine 
aggregate 
(kg) 

Coarse 
aggregate 
(kg) 

MIX-A 300 – 165 581 1354 0.55 

240 60 

180 120 

120 180 

60 240 

– 300 

MIX-B 400 – 170 819 1001 0.45 

320 80 

240 160 

160 240 

80 320 

– 400 

MIX-C 400 – 200 810 990 0.50 

320 80 

240 160 

160 240 

80 320 

– 400 

Three main mixes were considered in the present study. They are MIX-A, B, and 
C. This whole mix proportioning took place in two stages. In the first stage, 100% 
GGBFS content was used in each mixture (MIX-A, B, and C). Similarly, these mixes 
are considered as reference mixes. MIX-A is designed for 20 MPa target compressive 
strength using 100% GGBFS as binder material. Similarly, MIX-B and MIX-C are 
designed for 40 MPa and 60 MPa target compressive strengths using 100% GGBFS 
as binders. As part of the second stage, the GGBFS content (MIX-A, B, and C) 
of each mix was replaced with 20%, 40%, 60%, 80%, and 100% fly ash content. 
Total 18 mixes were prepared. The density of alkali-activated concrete (AAC) for 
this mix proportioning was taken to be 2400 kg/m3. And the mix proportioning was 
determined from that density and this density was taken from some previous studies 
[17, 27]. Finally, corresponding mix proportioning details are shown in Table 1.
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2.3 AASFC Samples Preparation and Curing 

Mixing process of AASFC is same as conventional concrete [11, 15]. First, mix 
binder materials GGBFS and fly ash well for 2–3 min. After that, add fine aggregate 
and coarse aggregate to the binder material and mix well for another 3–4 min. Alka-
line solution and superplasticizers were then added. Mixing is allowed for another 
5–6 min to get uniform and homogeneous mixture. Obtained mixture used for test 
the workability of the particular mix, and this concrete mixture was again thor-
oughly mixed and cast into the required molds. In the present study, used cube molds 
measuring 100 × 100 × 100 mm, cylinder molds of size100 mm diameter and 
200 mm height. Prism molds of sizes 100 mm × 100 mm × 500 mm were used. 
Finally, after all samples were dry, they were removed from the molds and left to air 
cure at room temperature (ambient cure). 

2.4 Tests Conducted 

For the compressive strengths, cube specimens tested by using the Tinius-Olsen 
Testing Machine (TOTM), and its capacity is 2000 kN as per Indian standard: 516-
1959 [28]. For the compressive strength, three cubes were tested. Testing of cylinder 
specimen under compression for stress–strain behavior shown in Fig. 1. The split 
tensile strength test was also performed on same testing machine as per Indian 
standard IS:5816 [29]. Three cylinders tested. Similarly, for flexural strength test, 
three-point loading test performed on prisms on a digital universal testing machine. 
Capacity of machine is 200 kN. This test is performed in accordance with ASTM C— 
293-02, 2002 [30]. Three samples were cast and tested in each mix proportioning. 
A total 108 cube specimens, 108-cylinder specimens and 56 prisms specimens were 
cast in this study.

3 Results and Discussion 

3.1 Compressive Strength 

The 7-day and 28-day compressive strength results of MIX-A, B, and C are shown 
in Figs. 2, 3 and 4. Compressive strength values decreased when the GGBFS content 
replaced by fly ash from 0 to 100% in all mixes. Previous studies using medium and 
high concentration NaOH solutions as activators revealed similar results [7, 8, 10, 11, 
21]. The rate of compressive strength loss increased as the fly ash content in all the 
mixes was raised, and this was also the case when the fly ash replacement levels were 
above 40%. This might be because curing condition and low-concentration alkali 
activators were used in this investigation. The increase in compressive strength at
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Fig. 1 Testing of cylinder specimen under compression for stress–strain behavior

higher levels may be due to the higher calcium content in GGBFS [7]. And inclusion 
of fly ash reduces Si/Al ratio in the mixture, indicating that determining the relative 
quantities of AlO4 and SiO4 generated in the geopolymer gel and determining the 
quantity of Si contained in the combination. Mixing with high fly ash content is 
associated with a low silicon/aluminum ratio. The compressive strength generally 
decreases with decreasing Si/Al ratio. Method of curing is also playing an important 
role in geopolymerization process [7]. However, for better rates of hydration to occur, 
higher fly ash levels demand higher activator concentrations and higher temperatures. 
However, substituting 40% fly ash content gave the expected target strengths in MIX-
A and MIX-B, which were 22.44 and 40.01 MPa, respectively. The compressive 
strength values in MIX-A at 100/00, 80/20, 60/40, 40/60, 20/80, and 00/100 GGBFS 
and fly ash proportions is 27.03, 24.87, 22.44, 19.19, 9.46, and 4.87 MPa, respectively. 
similarly in MIX-B, at the same GGBFS and fly ash proportions, 49.51, 44, 40.01, 
31.43, 17.57, and 6.08 MPa, respectively; and in MIX-C, 65.81, 58.22, 49.88, 41.04, 
24.63, and 7.94 MPa, respectively.

3.2 Split Tensile and Flexural Strengths 

The split tensile strength results of mixes A, B, and C are shown in Fig. 5. According 
to findings, as fly ash in all mixes increased from 0 to 40%, split tensile strengths 
decreased slightly. The decreased rate was very low. However, when more than 40% 
fly ash was added, the split tensile strength values dropped drastically (60–100%), 
and the decrement rate is higher. In comparison to 100% GGBFS mixtures, mixtures 
with 80/20 and 60/40 GGBFS/fly ash proportions little decrement in split tensile and 
flexural strengths. At remaining GGBFS-fly ash proportions, these values decreased 
highly. In Fig. 6, the flexural strength results of mixes A, B, and C are shown. As
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Fig. 2 MIX-A compressive 
strength 
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Fig. 3 MIX-B compressive 
strength 
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Fig. 4 MIX-C compressive 
strength
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fly ash replacement in all mixes increased from 0 to 40% (100–60% GGBFS), the 
flexural strength values slightly decreased. Ivan et al. [18] also found that flexural 
strength values are higher for GGBFS content up to 60%. However, when more than 
40% of the fly ash was replaced, flexural strength values decreased and the decre-
ment rate was higher than for split tensile strength values. MIX-C had a lower % 
drop in split tensile and flexural strength than MIX-B and A, whereas MIX-B had 
a lower percentage reduction than MIX-A. This might be because MIX-C (4 M) 
uses a solution with a higher concentration of NaOH than the other combinations 
(2 M in MIX-B and 1 M in MIX-C). This proves that under ambient curing condi-
tions, the NaOH concentration plays significant impact on mechanical characteristics 
of AASFC composites. Mechanical strengths and modulus of elasticity values are 
presented in Table 2. 

Fig. 5 Split tensile strength 
values 
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Fig. 6 Flexural strength 
values
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Table 2 Mechanical strengths and modulus of elasticity values 

Mix 
designation 

GGBFS/fly 
ash Proportion 

Compressive 
strength (MPa) 

Split tensile 
strength (MPa) 

Flexural 
strength 
(MPa) 

Modulus of 
elasticity 
(MPa) 

MIX-A 100/00 27.03 2.82 3.36 11.30 

80/20 24.87 2.67 3.25 9.91 

60/40 22.44 2.54 3.18 8.65 

40/60 19.19 1.86 2.50 7.21 

20/80 9.46 0.76 1.38 3.52 

00/100 4.87 0.45 0.67 1.42 

MIX-B 100/00 49.51 3.16 4.34 24.29 

80/20 44.00 3.12 4.28 21.15 

60/40 40.01 3.08 4.20 18.75 

40/60 31.43 2.56 3.56 13.38 

20/80 17.57 1.64 1.94 7.27 

00/100 6.08 0.85 1.10 2.24 

MIX-C 100/00 65.81 3.49 4.74 32.94 

80/20 58.22 3.41 4.62 30.86 

60/40 49.88 3.34 4.42 25.86 

40/60 41.04 3.12 4.10 20.51 

20/80 24.63 2.17 2.84 9.17 

00/100 7.94 1.16 1.53 3.26 

3.3 Correlation Studies on Mechanical Characteristics 

Correlation studies carried on mechanical strengths, and these correlations were 
compared with various codes and earlier research investigations. 

According to Fig. 7a, the alkali-activated concrete specimens MIX-A, B, and C had 
split tensile strengths of 0.48, 0.46, and 0.45 times the square root of the compressive 
strengths, respectively. where flexural strength values are 0.62, 0.61, and 0.6 times 
the square root of compressive strength in mixes A, B, and C, respectively shown in 
Fig. 7b. In all of the mixes, the obtained split tensile and flexural strength values are 
linearly related to the square root of the compressive strength values; however, the 
proportionality constant value somewhat diminishes as the compressive strength or 
concrete grade rises. In Eqs. (1)–(6), the predicted empirical formulas are presented.

For split tensile strength 

Fts = 0.48 
√
fc and R2 = 0.95 for MIX-A (4.87 MPa < fc < 27.03 MPa) (1)
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Fig. 7 a Split tensile strength versus sqrt. compressive strength. b Flexural strength versus sqrt. 
compressive strength

Fts = 0.46 
√
fc and R2 = 0.99 for MIX-B (6.08 MPa < fc < 49.5 MPa) 

(2) 

Fts = 0.45 
√
fc and R2 = 0.99 for MIX-C (7.94 MPa < fc < 65.80 MPa) 

(3) 

Similarly, for flexural strength 

Ffs = 0.62 
√
fc and R2 = 0.98 for MIX-A (4.87 MPa < fc < 27.03 MPa) 

(4) 

Ffs = 0.61 
√
fc and R2 = 0.99 for MIX-B (6.08 MPa < fc < 49.5 MPa) 

(5) 

Ffs = 0.60 
√
fc and R2 = 0.99 for MIX-C (7.94 MPa < fc < 65.80 MPa) 

(6) 

where, fc = compressive strength of concrete in MPa, Fts = split tensile strength of 
concrete in MPa, Ffs = flexural strength of concrete in MPa 

From Fig. 8a–c, split tensile strength values derived from experiments were in 
good accord with AS 3600 [31], Lee et al. [10], and Sofi et al. [32]; however, they 
were underestimated in comparison to the ACI-318 [33] building code and the Euro 
code [34] for ordinary Portland cement concrete (OPC). While the flexural strength 
values for alkali-activated concrete and OPC satisfy ACI-318 [33], AS 3600 [31], 
and Ivan et al. [18], they fall short of the values predicted by Nath and Sarkar [35] 
shown in Fig.  9a–c. The split tensile and flexural strength values obtained through 
experiment are consistent with most codes and previous studies cited in this study.
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Fig. 8 a–c Comparison of obtained experimental split tensile strengths with various codes and 
previous studies

3.4 Stress–Strain Behavior 

Figure 10a–c presents the experimental compressive stress-compressive strain 
behavior graphs for each mix. The data recorded in the DAC system are used to 
create these curves. Figure 2 illustrates the test setup for the stress strain behavior. 
Up to 65–70% of the ultimate load (i.e., 2/3rd of ultimate load), the load on the test 
specimens rose sharply during the test, then increased more slowly until it reached 
the ultimate load. The test was continued after determining the ultimate load of the 
specimens until the ultimate load dropped to between 50 and 60% in most of the 
mixes. At 65–70% of the ultimate load, a number of nonlinear vertical cracks were 
seen on the surface of the specimens. As the load increases further, these vertical 
cracks spread from top to bottom in the direction of loading, and these cracks lead 
to specimen failure. All of the mixes had linear elastic compressive stress–strain 
behavior up to a peak stress of 65–70% before changing to nonlinear behavior after the 
failure stress was reached. The load dropped after reaching its peak stress. This load 
dropped abruptly in some mixes while gradually dropping in others with increasing in 
compressive strain. When all the mixtures were examined, those that included fly ash
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Fig. 9 a–c Comparison of obtained experimental flexural strengths with various codes and previous 
studies

replacements ranging from 0 to 40% showed greater strain-hardening behavior. Peak 
stress values in every mix dropped as fly ash content replacement increased. These 
peak stress values decreased greatly when more than 40% fly ash was replaced. 
Compared to Mix-B and Mix-C samples, Mix-A samples displayed lower strain 
values at peak stress with higher post-peak behavior. Similarly, Mix B showed less 
post-peak behavior than Mix A, and Mix C displayed less post-peak behavior than 
Mix B when all the mixes were compared. In comparison to Mix-A and mixes with 
different GGBFS to fly ash proportions, Mix-C and Mix-B specimens having 100% 
GGBFS displayed higher brittle behavior and quicker crack propagation. Increasing 
the GGBFS reduces the ductility of the specimen while increasing its stiffness and 
resistance to deformation at peak stress. Furthermore, as GGBFS increased, ultimate 
strains decreased after peak stress [19, 21].

This is because those mixes have more GGBFS volume than other mixes do. The 
percentage of decreasing peak stress and the corresponding strain up to 0–40% fly 
ash replacement is 14.50% and 14.60% in MIX-A, 19.96% and 9.31% in MIX-B, and 
22.1% and 11.21% in MIX-C, respectively. Beyond 40% fly ash replacement levels, 
83.98% and 24.77% are in MIX-A; 88.50% and 20.66% are in MIX-B; and 88.88%
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Fig. 10 a–c Compressive stress versus compressive strain in mixes A, B, and C

and 25.92% are in MIX-C. This shows that the AASFC’s stress–strain behavior is 
greatly affected by greater replacement amounts of fly ash. 

3.5 Modulus of Elasticity 

Following ACI 318 [33], the Modulus of Elasticity (MOE) was calculated. By 
drawing a tangent from the origin to 45% stress at the peak stress and computing 
the modulus of elasticity value for each mix, the sample’s modulus of elasticity is 
represented by the slope of the tangent. The modulus of elasticity values for mixes 
A, B, and C shown in Fig. 11.

When 0%, 20%, 40%, 60%, 80%, and 100% fly ash were substituted for GGBFS, 
the MOE values of MIX-A were 11.3, 9.91, 8.65, 7.21, 3.52, and 1.42 GPa, respec-
tively. MIX-B displayed the following values when the above-mentioned quantities 
of fly ash replacement were present: 24.29, 21.15, 18.75, 13.38, 7.27, and 2.24 GPa. 
Similarly, 32.94, 30.86, 25.86, 20.51, 9.17, and 2.36 GPa were found in MIX-C. 

As fly ash increased from 0 to 100% in each mix, the MOE values significantly 
dropped. One of the reasons for this could be that compressive strength values
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Fig. 11 Modulus of 
elasticity values in various 
mixes
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decrease as fly ash percentage increases. As fly ash increased from 0 to 40%, MOE 
values also gradually decreased. When more than 40% fly ash was introduced, the 
MOE values fell extremely to down. The percentage reduction in MOE when mixes 
A, B, and C were replaced with fly ash from 0 to 40% was 23.5%, 22.8%, and 21.49%, 
respectively. The percentage reduction in MOE values of mixes A, B and C were 36– 
90%, 45–90%, and 38–90%, respectively, when substituted with more than 40% fly 
ash (60–100%). In accordance with their respective compressive strength values, the 
MOE values obtained in AASFC mixes are lower than normal concrete MOE values 
(OPC). Previous research on alkali-activated geopolymer concretes found similar 
results [10, 19, 21, 32]. 

4 Conclusions 

In this study, the effect of fly ash on the mechanical properties and stress–strain 
behaviors of slag-based alkali-activated concrete was experimentally investigated 
using low NaOH concentrations at room curing temperature. These are the important 
things that have been identified from this study. 

• Compressive strength, split tensile and Flexural strength values decreased when 
the GGBFS content replaced by fly ash from 0 to 100% in all mixes. Most of the 
composites attained 80–90% compressive strength of their maximum strength at 
early age (7 days) when 100% GGBFS was used as binder. 

• The split tensile and flexural strengths got through experiment are consistent with 
most codes and previous studies cited in this study. 

• Peak stress values in every mix dropped as fly ash content replacement increased. 
These peak stress values decreased greatly when more than 40% fly ash was 
replaced. Compared to MIX-A, B samples, MIX-C samples displayed lower strain 
values at peak stress with lower post-peak behavior. Similarly, MIX-B showed
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less post-peak behavior than MIX-A and C displayed less post-peak behavior than 
MIX-B when all the mixes were compared. 

• As fly ash increased from 0 to 40%, Modulus of Elasticity (MOE) values also 
gradually decreased. When more than 40% fly ash was introduced, the MOE 
values fell extremely to down. The percentage reduction in MOE when MIX-A, 
MIX-B, and C were replaced with fly ash 0–40% was 23.5%, 22.8%, and 21.49%, 
respectively. The percentage reduction in MOE values of MIX-A, B, and C were 
36–90%, 45–90%, and 38–90%, respectively, when substituted with more than 
40% fly ash (60–100%). 
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Study on Influence of Extra Water 
and Cement in the Development 
of Self-Compacting Geopolymer 
Concrete (SCGC) 

T. Malleswari Devi and T. D. Gunneswara Rao 

1 Introduction 

Self-Compacting Geopolymer Concrete is one of the alternatives in place of Conven-
tional concrete. The concept behind producing this concrete combines the benefits 
of geopolymerization and Self-Compacting principles. The materials used in SCGC 
are industrial-by-products like Fly ash, GGBFS, Rice Husk ash, Silica fume etc. by 
the utilization of such materials not only environmental pollution is reduced but also 
helps in reducing green house gases. Fly ash is rich in alumina and silica which 
is produced during coal burning in thermal power stations. In past, many research 
studies were conducted on utilization of low calcium fly ash as binder in geopolymer 
concrete and the outcomes are in favor of its utilization in a larger extent [1]. During 
the process of polymerization silica and alumina present in fly ash reacts with the 
alkaline solution to form alumino silicate hydrates [2]. As fly ash is a pozzolonic 
material, it requires more time to react and form hydrates. To obtain strength at an 
early stage, it is necessary to increase the temperature during curing period. The 
replacement of fly ash with GGBFS can reduce problem of curing at higher tempera-
tures as GGBFS contains more amount of CaO-forming calcium silicate hydrate gel 
during polymerization [2]. By utilizing Fly ash and GGBFS, with alkaline solution 
geopolymer concrete can be produced to meet the requirements with required propor-
tions [2]. Geopolymer concrete needs attention and workability requirements should 
be watched carefully. By introducing Self-Compacting properties in to geopoly-
merization, the concrete can be made flowable under its own weight [3]. By the 
addition of super plasticizer and extra water the workability properties of SCGC can
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Table 1 Fly ash and GGBFS 
chemical compositions in % 
by mass 

Chemical composition Fly ash GGBFS 

Al2O3 21.35 17.92 

SIO2 63.17 34.81 

SO3 0.3 0.2 

Fe2O3 4.2 0.7 

MgO 1.20 

MgO 1.20 7.80 

Na2O 0.20 – 

K2O 1.60 – 

LOI 1.00 1.41 

pH 11.68 – 

be improved [4]. The requirements of strength of SCGC in comparison with conven-
tional concrete are investigated by addition of materials in addition to the normal 
procedures adopted for SCGC. This gives scope for the addition of small quantities 
of cement content to SCGC. In this study, an attempt was made to understand the 
fresh and hardened properties of SCGC by the inclusion of extra water and cement 
in the mixes. 

2 Experimental Methodology 

2.1 Materials Used in SCGC Mix Proportions 

Fly ash and GGBFS together acting as binder content for preparing geopolymer 
concrete. Class F fly ash is procured from National thermal power plant, Rama-
gundam. GGBFS is procured from JSW cements, Warangal. The chemical compo-
sition of GGBFS and fly ash are shown in Table 1. 

2.2 Aggeragates 

Fine aggregate obtained from local river sand confirming Zone-II as per IS:383-2016. 
The sizes of fine aggregates are in the range of 4.75–0.15 mm. Coarse aggregates are 
obtained from crushing of granite rock. The size range of coarse aggregate is between 
12.5 and 4.75 mm as in Self-Compacting concrete generally coarser materials of less 
size are preferred to reduce internal stresses. The physical properties of fine and 
coarse aggregates are shown in Table 2.
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Table 2 Physical properties of fly ash and GGBFS 

Type Bulk density Specific gravity Water absorption (%) 

Coarse aggregate 1542 2.574 0.33 

Fine aggregate 1661 2.537 0.952 

2.3 Alkaline Solution 

Sodium silicate and sodium hydroxide are used as alkaline activators. Both the mate-
rials are procured from Aastra Chemicals, Chennai. Water, Sodium hydroxide, and 
Sodium silicate are used for preparing alkaline solution. The amounts of the above 
variables depend on molarity of sodium hydroxide and ratio of sodium silicate to 
sodium hydroxide. NaOH pellets are dissolved in distilled water and kept for 24 h 
so as to release the heat that is liberated in exothermic reaction. Sodium silicate is 
then added to sodium hydroxide to make alkaline solution and is mixed to concrete 
after 3–4 h. 

2.4 Super Plasticizer 

In order to obtain flowable concrete, high range Super plasticizer “Auramix 400” is 
used and it is procured from Fosrac, Secunderabad. 

In order to develop SCGC, to satisfy the requirements of workability as per Indian 
Standard code and EFNARC guidelines and to achieve desired strength, Ex. water-
to-cement ratio is taken. Cement used is of OPC 53 grade and is procured from local 
dealers. The Ex. water content is calculated as percentage of total binder content. 

3 Mix Proportions 

In order to develop SCGC, in the present study, four mix proportions, that is, SCGC1, 
SCGC2, SCGC3, SCGC4 are developed by using Fly ash and GGBFS in 50:50 
proportions. The ratio of sodium silicate to sodium hydroxide is taken as 2. Alkaline 
solution/Binder ratio is taken as 0.55 and is maintained constant for all mixes. To 
suit the requirements of workability and strength properties, ratio called Ex. water/ 
cement is added. Binder content of 400kg/m3 is taken as constant for all the mixes.
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Fig. 1 L-box 

3.1 SCGC Mix Batching, Casting and Testing 

The mix proportions of SCGC for different mixes are measured using weigh batching. 
Alkaline solution is prepared using sodium hydroxide, sodium silicate, water. All 
the dry materials like coarse aggregate, Fine aggregate, fly ash, GGBFS, cement are 
added to the mixer and dry mixing of materials is done up to 2–3 mins. Alkaline 
solution, super plasticizer, extra water is then added to the mix and mixing is done 
continuously until uniform mixing is done for 2 min. The final mix thus obtained is 
tested for requirements of workability as per EFNARC guidelines. To characterize 
SCC, tests like Slump flow test, J ring test, V-funnel test, L-box test are performed as 
shown in Figs. 1 and 2.

After performing workability tests, SCGC mix is then poured in to molds of 
cubical shape of size 150 × 150 × 150 mm. The cubes are removed from molds 
after 24 h and is kept under ambient curing conditions. The cubes are tested for 
Compressive strength at 3, 7, 28 days. 

3.2 Mix Proportions of SCGC 

Mix proportions of SCGC1, SCGC2, SCGC3, and SCGC4 are shown in Table 3.
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Fig. 2 Slump flow with J ring

Table 3 SCGC mix proportions 

Mix 
designation 

Binder (kg/ 
m3) 

Molarity 
of 
NaOH 

Alkaline 
solution/ 
binder 

Coarse 
aggregate 

Fine 
aggregate 

Extra 
water 
(% of 
binder) 

Cement SP 
dosage 
(%)Fly 

ash 
GGBFS 

SCGC1 200 200 6 0.55 964 788 25.5 80 9.1 

SCGC2 200 200 8 0.55 964 788 29 81 8.9 

SCGC3 200 200 10 0.55 964 788 29.45 81 8.2 

SCGC4 200 200 12 0.55 964 788 29.60 81 8.8 

4 Results and Discussions 

4.1 Test Results of SCGC 

In Fresh State. The SCGC mixes developed by varying Sodium hydroxide molar-
ities with the addition of Extra water and cement are satisfying the workability 
requirements as per Indian standard code IS: 10262-2019. The mix proportions thus 
developed also satisfying EFNARC guidelines as per Table 4. The amount of extra 
water content varies as the molarity of Sodium hydroxide increases in alkaline solu-
tion to suit the requirements of workability criteria. In the fresh state of SCGC, it is 
observed that as NaOH concentration increases the diameter of slump flow increases. 
T500 sec values decreases as the molarity of Sodium hydroxide increases. This is 
because of decrease in viscosity of flow due to addition of extra water content in
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the mix although molarity is increasing. V-funnel flow is the parameter measuring 
viscosity of flow which is decreasing as the molarity of Sodium hydroxide increases. 
L-box value which is the ratio of H2/H1 increases with the increase in molarity 
of Sodium hydroxide. From the past research it is observed that as the molarity 
increases, the viscosity increases. To overcome this effect, Ex. water is added to the 
SCGC1 mix to SCGC2 mix depending on flowability of mix. From the above fresh 
properties of SCGC, it is clearly evident that the Viscosity of flow decreases with the 
addition of extra water even with increase of molarity of NaOH from 6M to 12M. 
The workability properties of SCGC mix proportions are shown from Figs. 3, 4, 5 
and 6. 

In Hardened State. From the past investigations, it is evident that increase in sodium 
hydroxide concentration increases Compression strength of SCGC. In the present 
study, cement content also added to the SCGC mixes along with increasing molarity 
of Sodium hydroxide. Compressive strength at 3, 7, 28 days is observed for SCGC1, 
SCGC2, SCGC3, SCGC4 mixes. 

Testing of specimen and tested specimen are shown in Figs. 7 and 8. The compres-
sive strength increased from SCGC1 mix to SCGC2 mix and then decreased to

Table 4 Acceptance criteria for SCC as per EFNARC guidelines 

Acceptance 
limits 

Slump flow in 
mm 

T50cm slump 
flow time in 
sec 

V-funnel flow 
time in sec 

L-box (H2/ 
H1) ratio 

J-ring (mm) 

Min 520 2 10 0.8 0 

Max 900 5 27 1.0 10 

Fig. 3 Effect of NaOH 
molarity on slump flow
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Fig. 4 Effect of NaOH 
molarity on T500 sec 
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Fig. 5 Effect of NaOH on 
L-box ratio
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SCGC3 and further in SCGC4 compared to SCGC1 value. The variation in strength 
values are shown in Fig. 9.
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Fig. 6 Effect of NaOH 
molarity on J ring
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Fig. 7 Testing of specimens 
in compression
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Fig. 8 Tested specimen in 
compression 
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Fig. 9 Effect of NaOH molarity on of SCGC Compression strength
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5 Conclusions 

1. The inclusion of extra water and cement in developing SCGC helps to achieve 
required properties in fresh and hardened state. 

2. The Slump flow is increased from SCGC1 to SCGC4 mixes as Sodium hydroxide 
concentration increases due to the addition of Extra water in the mixes. 

3. Other workability properties like J ring, T500 sec, V-funnel also matching 
the requirements as per Indian standard code IS:10262-2019 and EFNARC 
guidelines. 

4. Addition of cement content in SCGC mixes increased Compression strength 
under ambient curing conditions. 

5. The Compressive strength at 28 days is increasing from SCGC1 to SCGC2 by 
2.7% and then strength decreases to 2.4% of that of SCGC1 in SCGC3. The 
strength of SCGC4 is decreased by 3.3% to that of SCGC1. 

6. The SCGC2 mix is having higher strength compared to SCGC1, SCGC3, SCGC4. 
The SCGC2 mix with 8 M Sodium hydroxide with Extra water/cement ratio of 
0.70. The strength of SCGC2 is 27 N/mm2 in par with Conventional concrete by 
using less quantity of cement. 

7. The results help in production of SCGC using industrial-by-products (80% of 
binder) with same strength requirements of conventional standard concrete using 
less amount of cement content (20% of binder) instead of using 100%OPC. 
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High-Temperature Behaviour 
of Concrete: A Review 

S. Krishna Priya Rao and Tezeswi Tadepalli 

1 Introduction 

Concrete is chosen as the major building material, due to several benefits, including 
strength and durability properties. Concrete structures must satisfy the essential 
fire safety standards in line with building regulations [1, 2]. Fire remains the most 
hazardous environmental condition to which structures are exposed, implementing 
suitable fire protection precautions for the building’s structural elements is an impor-
tant element of building design [3]. In recent years, fire damages are frequently 
reported worldwide as a seriously threatening issue. When subjected to high temper-
atures, concrete undergoes structural damage through spalling and exposure of bar 
along with mechanical degradation of the concrete at the micro and meso levels. The 
density and porosity of the concrete, as well as its initial strength, moisture content, 
and heating rate, all impact the thermomechanical characteristics of a concrete struc-
ture when it is subjected to elevated temperatures. The range of temperatures related 
to building fires also has an impact on these characteristics. This chapter focuses on 
the thermally induced changes in concrete at elevated temperature. 

2 Materials Behaviour of High-Temperature Concrete 

Materials behaviour that will be studied in this chapter is supplementary cementitious 
materials, fibres, and aggregates. With the combination of cement gel structure, 
aggregate, and fibres, concrete acts as a heterogeneous material. The behaviour of 
the structure at various high temperatures is therefore difficult to characterize since
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Fig. 1 Effects of increasing temperature in concrete at various stages [9] 

each of these materials reacts independently when subjected to thermal conditions 
[4]. Several physicochemical changes take place as concrete is heated up, changing 
the material’s thermo-mechanical characteristics [5]. In Fig. 1, effects of increasing 
temperature in concrete at various stages has been shown. From 20 to 80 °C, there is 
a gradual capillary water loss caused by the expansion of the water. Later on, from 80 
to 100 °C dehydration of Ettringite and decomposition occurs where in physically 
bounded water in a cement matrix and aggregates evaporate, which leads to an 
increase in the microcracking due to capillary porosity. Concrete starts to dehydrate 
and decompose by losing its water and C–H–S gel at 100–200 °C [6]. Concrete 
strength is either maintained or increased at 300 °C as the cement gel layers become 
denser. However, concrete losses its strength and stiffness significantly over 300 °C 
[7]. From 400 to 600 °C, microcracking of cement paste takes place due to CH 
decomposition. In the range of 600–800 °C, it undergoes the second stage of C–H–S 
breakdown during which its compressive strength is substantially reduced. From 800 
to 1200 °C temperature, an intense microcracking of the concrete takes place due to 
dehydrated phases [8]. 

2.1 Fibres 

To avoid spalling at high temperatures, different types of fibre reinforcement based 
on steel, glass, carbon, basalt, jute, polyvinyl alcohol (PVA), polypropylene (PP),
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polyacrylonitrile (PAN), etc., are used. The highest preference, for the reduction of 
explosive spalling, is using hybrid-fibre reinforcement. The advantages of incorpo-
rating fibres in concrete structures improve mechanical and durability properties [10]. 
Studies on the influence of steel and polypropylene fibres on the mechanical charac-
teristics of concrete after being exposed to high temperatures are shown in Table 1. In  
general, fibres made up of steel improve the mechanical properties of concrete when 
subjected to high temperatures, such as compression, flexural, and splitting tensile 
strength, as testing temperatures are lower than the steel fibres melting point. Hence, 
throughout the testing phase, ductility provides significant resistance to failure under 
strain [11]. Concrete reinforced with steel fibres resists thermal spalling better than 
concrete reinforced with polypropylene fibres [12].

Polypropylene fibre can be incorporated to enhance the material properties 
to resist cracking, and also improves the behaviour of concrete under tension. 
Polypropylene fibre has melting and ignition points around 150 °C and 400–500 °C. 
When polypropylene fibre-reinforced concrete is open to temperatures higher than 
400 °C, the residual compression, flexural, and splitting tensile strengths decrease 
[13]. Accordingly, concrete reinforced with polypropylene fibres resists thermal 
spalling better over concrete without fibres [14]. At room temperature, ultra-high-
performance concrete with the incorporation of steel and polypropylene fibre has 
slightly lower compressive strength than concrete with steel fibre additions, certainly 
as a result of the material’s lower density [15]. To achieve high thermal resistance, 
polypropylene fibre should be used at an optimal dose of between 0.1% and 0.5%. 
As fibre length increases, reinforced concrete with polypropylene fibres ability to 
withstand high temperatures also increases [16]. 

2.2 Supplementary Cementitious Materials 

Portland cement is partially replaced with low-cost, pollution-free, natural pozzolanic 
materials or industrial by-products, lowers the greenhouse gas emission during Port-
land cement production. To reduce cost, cement usage, industrial waste, and enor-
mous CO2 emissions, cement is largely substituted by supplemental cementitious 
materials [18, 19]. In order to enhance the characteristics of concrete, fly ash (FA), 
ground granulated blast-furnace slag (S), metakaolin (K), and silica fume (SF) are 
now often used as a partial substitution for cement in concrete [20]. Table 2 shows 
some of the supplementary cementitious materials that were partially replaced with 
cement when it is exposed to high temperatures.

2.3 Behaviour of Aggregates at Elevated Temperatures 

Concrete is widely used construction material, and as a result, it has a significant 
effect on the environment and is essential for the construction industry [22]. At high
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Table 1 Fibre proportions in concrete exposed to elevated temperatures [17] 

Type of fibre Test temperatures (°C) Dimension of fibre Replacement by % 
volume 

Steel fibre 20, 15, 500 L: 35, 60 mm; D: 440, 
750 µm 

0, 0.5, 1 

20, 200, 400, 600, 800 L: 30 mm; D: 600 µm 0, 0.6 

20, 200, 400, 600, 800 L: 30 mm; D: 550 µm 0, 0.4 

20, 200, 400, 600, 800 L: 25 mm; D: 500 µm 0, 0.6 

20, 200, 400 L: 30 mm; D: 600 µm 0, 0.25, 0.5 

20, 400, 600, 800 L: 2 mm; D: 2000 µm 0, 1 

20, 300, 500, 800 L: 25 mm; D: 400 µm 0, 0.5, 1, 1.5, 2 

20, 600, 800 L: 25 mm; D: 42 µm 0, 1 

20, 100, 300, 500, 700 N/A 0, 0.5 

20, 600, 900 L: 12 mm; D: 50 µm 0, 1 

20, 200, 400, 600, 800 L: 32.6 mm; D: 950 µm 0, 1 

20, 350, 500, 600, 700 L: 30 mm; D: 500 µm 0, 2 

Polypropylene fibre 20, 200, 400, 600, 800 L: 19 mm; D: 45 µm 0, 0.05, 0.1, 0.15 

20, 200, 400, 600, 800 L: 12 mm; D: 18 µm 0, 0.3 

20, 200, 300, 400, 800 N/A 0, 0.15, 0.2 

20, 200, 300, 400, 600, 
800 

L: 19 mm 0, 0.1 

20, 200, 400, 600, 800 L: 19 mm; D: 35 µm 0, 0.1 

20, 200, 400, 600, 800 L: 15 mm; D: 100 µm 0, 0.6 

20, 200, 400 L: 6, 30 mm; D: 60 µm 0, 0.25, 0.5 

20, 100, 200, 300, 600 L: 12 mm 0, 0.1, 0.2, 0.3 

20, 600, 800 L: 19 mm; D: 53 µm 0, 0.22 

20, 100, 300, 500, 700 L: 30 mm 0, 0.6 

20, 100, 450, 650 L: 12 mm; D: 18 µm 0, 0.5, 1, 1.5, 2 

20, 200, 400, 600 L: 15 mm; D: 100 µm 0, 0.5, 1 

20, 200, 400, 600, 800 L: 20 mm; D: 20 µm 0, 0.1, 0.3 

20, 600, 900 L: 12 mm; D: 50 µm 0, 0.1, 0.2, 0.3, 0.4 

20, 200, 400, 600 L: 6 mm; D: 18 µm 0, 0.1 

20, 100, 200, 300, 400, 
500, 600, 700, 800, 900 

L: 15 mm; D: 45 µm 0, 0.2 

20, 200, 300, 400, 500, 
600, 700, 800, 900 

L: 19 mm; D: 45 µm 0, 0.1, 0.2, 0.3 

ISO 834 L: 13 mm; D: 20 µm 0, 0.05, 0.1, 0.15, 
0.2 

ISO 834 L: 3, 6, 12, 19, 30 mm; 
D: 40 µm 

0, 0.05, 0.1, 0.15
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Table 2 Some of the SCMs were partially replaced with cement exposed to high temperatures [21] 

Supplementary 
cementitious materials 

w/b ratio Temperatures exposed 
(°C) 

Replacement levels 
(%) 

Fly ash 0.53, 0.56 20–550 0, 30 

Fly ash 0.35 20–800 0, 30, 50, 70, 90 

Fly ash 0.35 35–800 0, 40, 50, 60 

Fly ash 0.3, 0.5 23–800 0, 25, 55 

Fly ash 0.33 27–800 0, 20, 40, 60 

Fly ash 0.3 20–800 0, 30, 40 

Fly ash 0.77 20–800 0, 10, 20, 30 

Fly ash 0.5 21–232 25 

GGBS 0.45 27–350 0, 20, 40, 60 

GGBS 0.41 150–700 0, 10, 30, 50 

GGBS 0.35 20–800 0, 30, 50, 70, 90 

GGBS 0.47 20–800 30, 50, 70 

Silica fume 0.3, 0.4 20–600 0, 6, 10 

Silica fume 0.3, 0.4 20–600 0, 6, 10 

Silica fume 0.42, 0.45, 0.53, 0.55, 
0.58 

20–1000 0, 5, 10 

Silica fume 0.3 20–800 0, 5, 10 

Silica fume 0.77 20–800 0, 10, 20, 30 

Silica fume 0.22, 0.33, 0.57 25–450 0, 10

temperatures, a thermal differentiation in cement paste and aggregate occurs, when 
aggregates expand by losing their thermal stability at high temperatures and cement 
paste shrinks. Microcracks begin to form in the ITZ and cement paste as a result, 
which lowers the concrete’s ability to perform mechanically. As a result, the aggre-
gate’s thermal behaviour is dependent on their chemical composition, mineralogy, 
and petrographic origin [23, 24]. When subjected to high temperatures, concrete 
behaves in a way that has lower thermal strain coefficient and results in internal 
crystalline stresses and failure, which determines its mineralogical composition and 
differentiates it apart from other materials characteristics of thermal expansion [25]. 
When heated, the minerals go through several physical and chemical changes. Hence, 
there is neither thermal reaction nor weight loss, considering the absence of peaks in 
the DTA curves from Fig. 2 [26]. At elevated temperatures up to 600 °C, the limestone 
and dolomite are stable. At 700 °C, there is a decomposition of carbon aggregates 
into CaO and CO2. The melting point of different types of aggregates are igneous 
rock is over 1000 °C, granites is over 1200–1250 °C, and basalt is over 1050 °C. This 
variation in melting temperature is because of the mineralogical composition [27].
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Fig. 2 Differential thermal 
analysis of aggregates, 
10 °C/min heating rate [25] 

3 Mechanical Characteristics of Concrete at High 
Temperature 

At high temperatures, mechanical characteristics of constituent materials, like 
compression, flexure, tensile strength, elastic modulus, stress–strain response, and 
P-M interaction curve, determine whether reinforced concrete sections resist fire. 
At high temperatures, mechanical tests are typically executed on concrete samples 
which are generally cubical or cylindrical in shape of different sizes in compar-
ison to specimen measurements at room temperature, in accordance with standards. 
A range of specimen sizes has been used in tests for mechanical properties since 
there are no established test standards for conducting high-temperature mechanical 
characterization [3]. 

3.1 Compressive Strength 

At elevated temperatures, compressive strength is the main factor to consider in the 
design of fire resistance. The w/c ratio, ITZ phase, curing parameters, type, size of 
aggregates, and types of admixtures affect the compressive strength of concrete at 
ambient temperature [28]. Compressive strength of concrete specimens decreases at 
high temperatures. Removing some of the variables also affects the mechanical prop-
erties, such as mix proportions, test modalities, specimen size, stressed conditions, 
and hot/residual states, the data in Fig. 3 shows the residual compressive strength 
of unstressed cube specimens, at high temperatures [17]. The residual compressive 
strength can be used to distinguish between two phases despite inconsistent findings. 
The compressive strength decreases from ambient to 300 °C by up to 20% of its initial 
value. From 300 to 800 °C, the compressive strength also dramatically declines [29].
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Fig. 3 At high temperatures, concrete’s residual compressive strength [17]. f t,20, Compressive 
strength at ambient temperature; f t,θ , Compressive strength at elevated temperature 

3.2 Flexural Strength 

In Fig. 4, it is clearly indicating that when concrete is at high temperatures, its flexural 
strength reduces. With increasing temperatures, concrete reduces its residual flexural 
strength over time. Depending on the replacement ratio, using cement-replacement 
materials also leads to a little improvement [30]. Concrete does not undergo any 
significant volumetric, physical, or chemical changes up to 100 °C before the free 
moisture evaporates. Evaporation of the free moisture occurs between 93 and 200 °C, 
during which there are minimal volumetric, chemical, and physical changes. The 
breakdown of the C–S–H and sulphoaluminate phases takes place between 200 °C 
and 300 °C, and surface cracking appears. Flexural strength decreases to 40–65% of 
its initial strength between 400 and 600 °C [31]. 

Fig. 4 At high temperatures, concrete’s residual flexural strength [17]. f t,20, Flexural strength at 
ambient temperature, f t,θ , Flexural strength at elevated temperature
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Fig. 5 Tensile strength experimental data show a slight multilinear declining tendency with 
increasing temperature [35]. f t,20, Tensile strength at ambient temperature, f t,θ , Tensile strength 
at elevated temperature 

3.3 Tensile Strength 

The majority of the elements impact the tensile strength are homogeneous to those 
that affect its compressive strength, and also by incorporating steel fibres its tensile 
strength increases [3]. Tensile stresses are usually responsible for the crack’s devel-
opment in structure, and the formation of microcracks in structural members during 
a tension state damages the member [32]. Tensile strength can be particularly crucial 
in situations when spalling develops in concrete structures, when exposed to fire. 
Figure 5 shows that the tensile strength has a slight multilinear declining tendency 
with increasing temperature. Spalling can be decreased by having a higher tensile 
strength [33]. Permeability, type of fire exposure, and tensile strength are the variables 
that influence the spalling caused by fire [34]. 

3.4 P–M Interaction Curve of Concrete at Elevated 
Temperature 

P–M interaction curve is used to characterize the structurally reinforced member 
that responds under axial forces and biaxial bending moments. To determine the 
strengths of reinforced concrete members at ambient temperature considers ultimate 
limit for concrete’s compressive strain is 0.003 per ACI code [36] or Eurocode-2 [37]. 
Yet, several studies recommended methods that do not constrain the ultimate strain. A 
P-M curve is an important method of evaluating the structural performance of compo-
nents made of reinforced concrete at high temperatures. Figure 6. shows the effect of 
fire on reinforced concrete columns. The thermo-mechanical properties and rebar at
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Fig. 6 Effect of fire on reinforced concrete columns [39] 

high temperatures should be reflected in reinforced concrete columns fire resistance 
[38]. At high-temperature loads, its ultimate strain limit is less noticeable than it is 
when concrete is at ambient temperature. Due to reduction in strength, temperature, 
and creep strain, concrete that is exposed to both temperature and mechanical stresses 
exhibits dramatically higher strains. As a result, practical techniques like the 500 °C 
isothermal approach are used [2]. 

3.5 Modulus of Elasticity 

Fire resistance influences the concrete’s modulus of elasticity, which declines as 
temperature increases which as shown in Fig. 7. Exposure of concrete to high temper-
atures, hydrated cement products to disintegrate and bonds will break down at micro 
level, reducing the elastic modulus. The w/c ratio, age of concrete, conditioning 
technique, quantity of materials, kind of aggregates affects the modulus of elasticity 
[28]. The amount of moisture and microstructure of hydrated cement concrete are 
mainly responsible for the degradation in elastic modulus with temperature. Due 
to shrinkage and micro cracking caused by moisture loss, the modulus of concrete 
degrades up to 400 °C. Elastic modulus reduces from 400 to 750 °C as a result of the 
degradation of the aggregate-paste bond due to thermal variations and the early stages 
of Ca(OH)2 and C–S–H disintegration [15]. Resistance to deformation of concrete 
is measured by the Modulus of elasticity, which helps to determine the development 
of stresses, deflections, and moments in the structural elements.

The physical characteristics of concrete deteriorate at high temperatures. Whereas, 
during the drying process, when the temperature rises, bond dissociation and a reduc-
tion in stiffness lead elastic modulus to decline [40]. By incorporating fibres, modulus 
of elasticity improves when compared to ordinary concrete. Figure 8 illustrates the 
residual modulus of elasticity varies for different fibre contents at high temperatures.
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Fig. 7 At high temperatures, concrete’s residual modulus of elasticity [17]
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Fig. 8 At high temperatures from 0 to 600 °C, residual elasticity modulus for various fibre 
compositions [41] 

Around 150 °C, it is noted that fibre-reinforced concrete has a minimal percentage 
decrease in elastic modulus. At 300–500 °C, loss in elastic modulus is increased by 
40–70%. However, as the percentage of fibre is increased, the residual modulus of 
elasticity drastically decreases by 25%. 

3.6 Stress–Strain Response 

The reaction of mechanical characteristics is governed by the stress–strain relation-
ship, and these properties are widely utilised as data in mathematical models [42].
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Fig. 9 At high temperatures, concrete’s stress–strain response [28] 

When temperature rises, material property of concrete degrades, which is a charac-
teristic of concrete behaviour. Exposure of concrete to high temperatures, the stress– 
strain relationship peak, shifts downwards and rightwards and the curves become 
flatter, as shown in Fig. 9. These studies suggest that while concrete’s peak stress 
and elasticity modulus decreases as temperature increases, peak strain increases. 

4 Thermal Properties of Concrete at High Temperature 

Thermal conductivity, specific heat, thermal diffusivity, mass loss, and spalling are 
among the thermal characteristics that affect concrete at high temperatures. The effec-
tiveness of a substance that affects heat conduction is called thermal conductivity. The 
steady-state and transient circumstances are two distinct types of heat transfer across 
materials [43]. In a steady-state, the heat flow is continuous and time-independent. 
While in transient method, the temperature is time-dependent and fluctuates with 
time. To determine the thermal conductivity of concrete, transient approaches are 
often used over steady-state [44]. The thermal conductivity of typical concrete varies 
from 1.4 to 3.6 W/m °C at ambient temperature [45]. Due to concretes high specific 
heat, which is the quantity of heat per unit mass, a structure’s temperature stability can 
be increased. Concrete density, type of aggregate, and amount of moisture content 
have the most impacts on specific heat. At elevated temperatures, differential thermal 
analyser (DTA) is often operated to assess specific heat at temperatures of 600 °C 
and above [46, 47]. The severity of spalling is decreased in the temperature range 
of 20–750 °C by adding polypropylene fibres to ultra-high-performance concrete 
without significantly altering the mechanical properties [15].
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Fig. 10 Thermal conductivity versus temperature of normal weight concrete as per ASTM STP 
882 [50] 

4.1 Thermal Conductivity 

When it comes to concrete, the thermal conductivity value varies. It generally differs 
with some of the factors like mix proportion, type of aggregates, moisture content, 
permeability, and density of concrete. The thermal conductivity increases along with 
concrete density, moisture content, and temperature [48]. Thermal conductivity for 
fibre-reinforced concretes has a comparable pattern to that of normal concrete when 
steel and polypropylene fibres are added. Therefore, the thermal conductivity is unaf-
fected by fibres in the temperature ranging from 20 to 800 °C [33]. By incorporating 
various waste materials, such as recycled aggregates and building and demolition 
trash that may also contain ceramics, glass, and other materials, there are several 
elements that might affect the thermal conductivity of concrete [49]. Concrete’s 
thermal conductivity drastically changes at 120 °C temperature, according to ASTM 
STP 882 standard curve given in below Fig. 10. 

4.2 Specific Heat 

Concrete undergoes various physical and chemical changes at high temperatures, 
and specific heat is considered in the form of thermal capacity. With an increasing 
w/c ratio, specific heat increases dramatically and is mostly influenced by moisture 
content [3]. According to Eurocode-2, Fig. 11 shows how specific heat capacity varies 
with temperature. At temperatures below 200 °C, moisture content has a significant
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Fig. 11 Variations in concrete’s specific heat capacity at high temperatures [51] 

effect. When temperatures are lower than 800 °C, the aggregate type has negligible 
effect on heat capacity. Concrete specific heat capacity with moisture contents of 
1.5% and 3%, respectively, increases by a factor of 2.2 and 1.6 at 100 °C, according 
to Eurocode 2. 

4.3 Mass Loss 

Concrete loses moisture when exposed to high temperatures, which causes a reduc-
tion in density. Concrete is often divided into normal and lightweight concrete based 
on its density. Moreover, the aggregate type has a major impact on the mass of 
concrete at elevated temperature [52]. The difference in concrete mass made of 
siliceous and carbonate aggregates up to 1000 °C temperatures is seen in Fig. 12. 
Up to approximately 600 °C, neither siliceous nor carbonate aggregate concretes 
experience significant mass loss [53].

4.4 Spalling of Concrete 

The development of high pore pressure, thermal stresses, and a combination of both 
plays significant roles in the explosive spalling of concrete at high temperatures [54]. 
Due to the development of high pore pressure, the bound water in cement paste and the 
water in capillary pores in concrete both changed from liquid to vapour. A temperature 
gradient is created by heating the surface of concrete pushing moisture both out of the
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Fig. 12 Variations in concrete mass using various types of aggregates at high temperatures [3]

surface and into the inside. Depending on the permeability of the concrete, this causes 
pore pressures to increase to their highest level away from the surface and causes 
explosive spalling [55]. The inside of the structure will experience thermal strains as a 
result of temperature differences from the heated surface to the inner core areas of the 
concrete. As the heating rate picks up, these gradients will increase. Depending on the 
mechanical and thermal characteristics of the concrete, various strains caused by the 
temperature gradient will result in tensile and compressive stresses [54]. Figure 13 
shows the explosive spalling of concrete caused by thermal stress as well as pore 
pressure.

5 Microstructural Properties 

5.1 SEM Analysis 

Concrete mix is exposed to different loads and high-temperature circumstances, the 
Scanning Electron Microscope (SEM) permits analysis of the mechanism of concrete 
mix’s micro-cracks at micro-scale. Generally, crushed samples are often examined 
to determine the microstructural characteristics and the interface between the cement 
matrix and aggregates of the specimens. The concrete structure is internally denser 
as C–H–S gel is block shaped at ambient temperature. As concrete is exposed to 
500–750 °C, there is an increase in the pore size as well as cracks in the matrix
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Fig. 13 Explosive spalling 
caused by thermal stress and 
pore pressure [54]

which leads to the deterioration of concrete due to larger pores and the formation of 
cracks at higher temperatures [56–58]. 

The microstructure characteristics of concrete are slightly enhanced by the inclu-
sion of fibres. As shown in Fig. 14, steel fibre diameter changes with temperature as 
a result of massive amounts of water vapour building up in the porosity next to the 
steel fibre and matrix, which also causes rust and oxidation [59]. The polypropylene 
fibres loose their solid structure at 200 °C and create additional pores in the matrix 
[13].

5.2 Porosity Analysis of Concrete 

When concrete is subjected to high temperatures, one method for determining the 
porosity and pore network at the meso and micro scale level is High-Resolution 
Computed Tomography (HRCT) and micro tomography. Figure 15 shows the micro 
tomography of concrete samples at different elevated temperatures i.e., at 27, 100, 
400, 500, and 800 °C. With an increase in the temperature up to 800 °C, at the meso 
scale level, the porosity increases up to 800%, as observed by HRCT. At the micro
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Fig.14 SEM image of steel-fibre-reinforced concrete that has been exposed to high temperatures 
[59]

scale level, porosity is increased up to 1400% as observed by Micro Tomography. 
Hence, a further rise in temperature results in the development of a pore network, 
which deteriorates the concrete specimen [60]. 

Fig. 15 Micro tomography samples at different elevated temperatures. a original sample specimen, 
b 27 °C, c 100 °C, d 400 °C, e 500 °C, f 800 °C [60]
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6 Research Gaps 

1. Most of the studies on mechanical and thermal properties of concrete consider 
temperatures up to 800 °C only, which is less than the temperature of actual fires. 

2. There are limited studies on structure evolution at meso, micro, and nano scale 
levels when exposed to high temperatures beyond 1000 °C. 

3. There is a lack of studies on non-destructive techniques like imaging-based 
analysis of concrete at elevated temperatures. 

4. There are very few studies on thermal analysis like Thermal gravimetric anal-
ysis (TGA), Differential Thermal Analysis (DTA), and Dynamic Mechanical 
Analysis (DMA) of cementitious materials. 

7 Conclusions/Summary 

1. As the temperature increases, a general decrease is observed in the mechanical 
characteristics of concrete such as—compressive, flexural and tensile strength, 
modulus of elasticity and stress–strain response. A noticeable decrease in the 
strength of concrete is observed after 400 °C. 

2. Spalling and microcracking in concrete are reduced with the inclusion of a 
small amount of steel and polypropylene fibres, which enhances mechanical 
and durability properties. 

3. Mechanical and durability properties are enhanced by incorporating supplemen-
tary cementitious materials. Because the composite has smaller average particle 
size than cement, it enhances the microstructure of the concrete specimen by 
reducing porosity. 

4. A variety of behaviour is observed in constituent materials at elevated tempera-
tures, which depends upon the chemical composition, mineralogy, and crystal-
lographic arrangement of aggregates. 

5. The mix proportion, aggregate type, moisture content, permeability, and density 
of concrete are some of the parameters that impact thermal conductivity. Moisture 
content has a major effect on specific heat. 

6. Thermal conductivity reduces with increasing temperature. 
7. Due to loss of moisture content, concrete loses density (or mass) at elevated 

temperatures. Beyond 600 C temperature, a considerable mass loss occurs in 
concrete.
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Studies on Performance and Micro 
Structural Characteristics of Self-healing 
Concrete 

D. J. Arpitha , A. R. Chandrashekar , and Kannam Praveen 

1 Introduction 

1.1 Self-healing Concrete 

In recent years, a lot of advanced research is underway to heal cracks in concrete, 
extend concrete life, and avoid routine maintenance and concrete maintenance costs. 
One of the most important research projects is self- healing concrete [1]. 

Self-healing concrete is a type of concrete that, unlike ordinary concrete, auto-
matically repairs or fills cracks that occur in the concrete. There are various methods 
of self-repair processes, mainly of two types known as intrinsic and extrinsic 
methods. In an inherent self-healing process, concrete or mortar repairs cracks 
without external additives. The presence of CaO in the material causes hydration 
and calcite precipitation to heal the cracks themselves [2]. 

Extrinsic healing process is something it requires an external enzyme to react 
with it and heal the cracks so a bacterium is induced into the mortar or concrete by 
encapsulation and direct methods. As shown in Fig. 1, the bacteria induced along 
with its food in the form of starch which when reacted with the water seeping from the 
cracks activates the dormant bacteria and chemical reaction takes place and formation 
of calcium carbonate takes place which fills up the cracks [3].

Selection of bacteria is the most important, not all the bacteria can be used as 
self-healing agents the selected bacteria must have the capabilities to survive in the 
worst environment and for long time as well. Mainly bacillus family bacteria are 
used such as Bacillus megaterium, Bacillus subtilis, Bacillus Sphaericus, etc.; these
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Fig. 1 Bacterial concrete

are the bacteria which can survive in extreme condition and good for self-healing 
process. 

1.2 Process of Self-healing 

Self-healing process, concrete is familiar for healing its own cracks through hydration 
of cement as cement contains calcium oxide that reacts with water in the presence of 
carbon dioxide leads to formation of calcium carbonate which will help in healing 
the cracks however not completely [4]. 

Ca (OH)2 + CO2 → CaCO3 + H2O 

There are two methods of inserting bacteria in concrete one is direct method and 
encapsulation. 

• In this research in direct method the bacteria directly inserted during mixing itself, 
in encapsulation method. 

• The bacteria induced in the form of clay pallets or capsules which is costly than 
direct method. 

Bacillus subtilis bacteria of 109 population of 0%, 3%, 5% is induced in M30 
and M70 mix of concrete using direct method, the mechanical properties such as 
compressive strength, tensile strength, flexural strength of conventional concrete 
and bacterial concrete are compared to see the effect of bacteria on the mechanical 
properties of concrete and the micro structural analysis is also carried out by scanning 
electron microscopy (SEM) analysis where we can find the surface’s topography and 
composition of the sample and X-Ray Diffraction (XRD) test where we can find 
crystalline variants and to study particle size of nanomaterial’s.
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1.3 The Advantages of Self-healing Concrete 

• The mechanical properties of the concrete such as compressive strength, tensile 
strength, flexural strength increases. 

• The maintenance and cost of maintenance of the cement concrete decreases. 
• It can last till centuries or decades so no need to replace during life time. 

1.4 The Disadvantages of Self-healing Concrete 

• The initial cost of construction using bacterial will be more. 
• Required skill labourers for this work. 
• Still there is no particular code to standardize the self-healing concrete. 

2 Materials and Methodology 

2.1 General 

In this chapter the various materials and methodology used in the experimental 
programme are described in the below paragraphs. 

Cement. Cement is a binder material used for construction that mixed with aggregates 
and water forms concrete. Concrete produced from Portland cement is one of the 
most versatile construction materials available in the world [5, 6]. 

For high strength concrete, OPC 53 grade is used. The min. compressive strength 
of OPC 53 Grade Cement should not be less than 53 N/mm2. For the concrete of 
grade M-30 and above 8–10% can be saved by using OPC 53. Figure 2 represents 
the cement sample taken for the experimentation works. 

Fig. 2 OPC 53 grade
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Fig. 3 Fly-ash 

Fly-ash. Fly-ash also known as ‘Pulverized Fuel Ash’ is waste product comes 
out after combustion of coal, generally we get fly ash from electrostatic precip-
itators. By using fly ash shown in Fig. 3 as the replacement of cement helps in 
reducing environmental pollution. Fly-ash can significantly improve the workability 
of concrete. 

Silicafumes. Silica fume also known as condensed silica fume or micro silica is very 
fine, is produced by the by products of elemental silicon or silica-alloys. The specific 
of silica fumes is from 2.2 to 2.3. 

Silica fume is one of best replacement for cement which increases the mechanical 
strength of concrete and also decreases the environmental pollution. 

2.2 Methodology 

• Calculation of mix design for M30 and M70. 
• Concentration of bacteria (population) used = CFU (109). 
• Percentage (dosage) of bacteria used = (0%, 3%, 5%). 

Tests Concrete 

Fresh properties of Concrete. When calculating the mix design, we first mix the 
ingredients according to the mix design and check the fresh physical properties such 
as workability, consistency, settlement, bleeding, etc. There are many possible checks 
such as set cone test, compaction factor, V-Bee test. 

Slump cone test. After the concrete has been mixed, the wet concrete is poured into 
the hardening cone 25 times in three layers, after filling the cone is lifted slightly, the 
cone is placed upside down next to it and the hardening value is measured. According 
to IS 1199-1959, M30 concrete has zero slump and M70 concrete has true slump.
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Tests on Hardened Concrete. According to IS:516-1959 (2004), the compressive 
strength test was performed on concrete cube specimens measuring 150 mm. After 
7 and 28 days of curing, the cubes of each mix proportion (trial mix) were evaluated 
in a compression testing machine with a 2000 kN capacity. According to IS:5816-
1999 (1999), the split tensile strength test was performed to determine the tensile 
strength of concrete cylinders with dimensions of 150 mm in diameter and 300 mm 
in length. The concrete beams used for the flexural strength test had dimensions of 
500 mm in length, 150 mm in width, and height by applying a two-point loading 
to the concrete beam in accordance with the specifications of IS:516-1959 (2004) 
in a flexural strength testing equipment with a 500 kN capacity. On specimens that 
had undergone a 28-day water cure, split tensile and flexural strength tests were 
performed. 

Durability Test. To access the performance of hardened concrete following test were 
carried out. 

• Durability test (28 days). 
• Acid attack test (by immersing in 5% of H2SO4 solutions for 28 days). 
• Micro structural analysis. 
• Scanning electron microscope (SEM). 
• X-ray diffraction (XRD). 

Mix Design of Concrete (As Per IS 10262:2019). Mix Design was carried out using 
IS 10262:2019. After number trails final mix proportions were determined [7]. The 
mix design for M30 and M70 are presented in the tables. Table 1 shows the mix 
proportion for M30 and Table 2 shows the mix proportion for M70. 

Table 1 Mix design for M30 

Cement (kg/m3) Fine aggregates 
(kg/m3) 

Coarse aggregates 
(kg/m3) 

Water (kg/m3) Water/cement ratio 

413 706 1103 186 0.45 

Table 2 Mix design for M70 

Cement 
(kg/m3) 

Fine 
aggregates 
(kg/m3) 

Coarse 
aggregates 
(kg/m3) 

Water 
(kg/m3) 

Chemical 
admixture 
(kg/m3) 

Water–Binder 
Ratio 

Fly ash 
(kg/m3) 

Silica 
fumes 
(kg/m3) 

428 589 1219 141 2.67 0.26 80.25 26.75
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3 Result and Discussion 

3.1 General 

In this chapter, the experimental results were discussed. After casting and curing 
of concrete specimens. The hardened moulds were tested for mechanical, durability 
and micro structural properties. 

3.2 Mechanical Properties 

The performance of concrete is calculated by its mechanical properties it includes 
fresh properties and hardened properties. 

Harden properties of the concrete viz., compressive strength, tensile strength, 
flexural strength can be calculated after curing the specimens for 28 in water and 
kept outside by that time specimens get harder and can go with tests of hardened 
properties [8]. 

Compressive strength: The compressive strength of concrete is calculated by casting 
M30 and M70 with and without bacteria concrete cubes of 150 mm × 150 mm × 
150 mm and cured for 28 days [9], it is to calculate the maximum load which the 
specimen can bear, based on the literature-review, dosage of the bacteria to be added 
is calculated and the compressive strength results are compared. In this study the 
conventional concrete M30 and M70 are casted and M30 and M70 with 3% of 
Bacillus subtilis bacteria (which was calculated by weight of water) and M30 and 
M70 with 5% of Bacillus subtilis bacteria (which was calculated by weight of water), 
three each cube of M30, M70 with and without bacteria where casted for compressive 
strength and compared the conventional and bacterial concrete results. By comparing 
the results as shown in Figs. 4 and 5, the compressive strength is increased by 15%, 
20% for M30 (3%) and M30 (5%), respectively, at 28 days, and compressive strength 
is increased by 15%, 20% for M70 (3%) and M70 (5%), respectively, at 28 days [10].

Tensile strength: Tensile strength of concrete refers to casting a cylindrical mould 
with a diameter of 150 mm and a length 300 mm, curing with Bacillus subtilis for 
28 days (calculated by water weight), M30, M70 with 5% Bacillus subtilis (water 
weight), each three cylinders M30, compared the split strength of M70 with and 
without bacterial injection, and compared the results for conventional concrete and 
bacterial concrete. By comparing the results as shown in Figs. 6 and 7, after 28 days, 
M30 (3%) and M30 (5%) showed 14% and 18% increases in tensile strength, and 
M70 (3%) showed 14% and 18% increases in compressive strength increase [11].

Flexural strength: The concrete flexural strength is a mechanical property which can 
be measured by casting a beam of 100 mm × 100 mm× 500mm length are casted and 
cured for 28 days In this study the conventional concrete M30 and M70 are casted and
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Fig. 4 M30 concrete compressive strength results at 28 days 

Fig. 5 M70 concrete compressive strength results at 28 days

Fig. 6 M30 concrete split tensile strength results at 28 days
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Fig. 7 M70 concrete split tensile strength results at 28 days

Fig. 8 M30 concrete flexural strength results at 28 days

M30 and M70 with 3% of bacillus subtilis bacteria (which was calculated by weight of 
water) and M30 and M70 with 5% of bacillus subtilis bacteria (which was calculated 
by weight of water), 3 each beams of M30, M70 with and without bacteria where 
casted for flexural strength and compared the conventional and bacterial concrete 
results. By comparing the results as shown in Figs. 8 and 9, the flexural strength 
is increased by 10%, 15% for M30 (3%) and M30 (5%) respectively at 28 days, 
and compressive strength is increased by 10%, 15% for M70 (3%) and M70 (5%) 
respectively at 28 days [12]. 

3.3 Durability Properties 

Acid Attack Test: Chemical resistance of concrete cubes was tested by chemical 
attack by immersion in acid solution. Acid attack is caused by the reaction of the
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Fig. 9 M70 concrete flexural strength results at 28 days

acid with the calcium hydroxide portion of the cement paste, releasing a readily 
soluble by-product, the calcium salt. 

These soluble calcium salts are easily removed from the cement paste, weakening 
the overall paste structure [13]. This fundamental reaction is 

Acid X + CH → CX + H (1)  

Acid + Calcium Hydroxide → Calcium Salt + Water 

The most aggressive and destructive cases of acid attack occur only when concrete 
is exposed to sulfuric acid (H2SO4). Calcium salts are formed by the reaction of 
sulfuric acid and calcium hydroxide to form calcium sulphate, which undergoes 
significant decomposition due to sulphate attack. 

H2SO4 + Ca(OH)2 → Ca(SO)4 + 2H2O (2)  

At the end of the curing time, samples are taken out of the curing tank, and 
their surfaces are cleaned to remove any weak reaction products or loose material 
from the sample. Initial mass and diagonal dimension values are measured. For each 
batch, three samples of concrete cubes are immersed in 5% HCL and 5% H2SO4 

solutions. At the end of 7, 14, 21, and 28 days, all through the curing time, steady 
acid concentration is maintained. After 28 days, each example is taken out of the 
tanks before testing, brushed with delicate nylon brushes and flushed in normal water. 
Changes in mass change, decrease of compressive strength and change in slanting 
aspects are observed. Acid attack results on SCC samples cured under various curing 
conditions are shown in the following three factors: namely, Acid Durability Loss 
Factor (ADLF), Acid Attack Factor (AATF) and Acid Strength Loss Factor (ASLF) 
are derived from ASTM C267 (2012) by reducing the durability aspects of specimens 
(strength, mass and geometry).
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Acid Mass Loss Factor (AMLF): The Percentage Loss is estimated by placing the 
cubes in acid solution and finding the mass at a defined period of time. The change 
in mass with age compared to the initial weight of each specimen is defined as Acid 
Mass Loss Factor (AMLF). 

AMLF = 
Change in weight of specimen after placing in Acid 

Initialmass of specimen before placing in Acid
× 100 (3) 

Acid Attacking Factor (AAF): The continuation of deterioration at each corner of the 
struck face and the opposite face was measured. The change in the length of diagonal 
after immersion in the acid for a defined period of time is defined as Acid Attacking 
Factor (AAF). 

AAF = 
Change in dimension of diagonal after immersion in Acid 

Original diagonal dimension before immersion in Acid 
× 100 (4) 

Acid Strength Loss Factor (ASLF): The relative strength present in concrete spec-
imens after immersing in acid represents Acid Strength Loss Factor (ASLF). The 
relative strengths are always compared with respect to 28 days compressive strength 
values. 

ASL = 
Change in dimension of diagonal after immersion in Acid 

Original diagonal dimensions before immersion in Acid 
F × 100 (5) 

To analyse the durability properties of self-healing concrete specimens, important 
durability properties like Acid attack are determined. The present chapter investigates 
the durability properties of specimens from both M30 and M70 grade concrete. 
Table 3 represents the loss in weight and loss of compressive strength because of 
acid attack test at 28 days. 

From Table 4, Acid Mass Loss Factor, Acid Attacking Factor, Acid Strength Loss 
Factor, Acid Durability Loss Factor, the results shows that acid durability loss factor 
is more in M30 (5%) and M70 (5%) as the bacteria percentage increases the durability 
loss factor also increases.

Table 3 Weight loss due to acid attack test at 28 days 

Grade IW (kg) FW (kg) % of weight reduction % of loss in CS  

M30 7.53 6.92 8 58 

M70 8.18 7.52 8 60 

M30 (3% Bacillus subtilis) 8.2 7.38 10 51 

M70 (3% Bacillus subtilis) 8.48 7.63 10 52 

M30 (5% Bacillus subtilis) 8.76 7.70 12 54 

M70 (5% Bacillus subtilis) 8.85 7.78 12 55 
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Table 4 Details of Acid Mass Loss Factor, Acid Attacking Factor, Acid Strength Loss Factor and 
Acid Durability Loss Factor 

Grade Acid Mass Loss 
Factor (AMLF) 

Acid Attacking 
Factor (AAF) 

Acid Strength 
Loss Factor 
(ASLF) 

Acid Durability 
Loss Factor 
(ADLF) 

M30 8.1 9.4 42 3198.247 

M70 8.06 7.9 40 2549.633 

M30 (3% Bacillus 
subtilis) 

10.00 6.1 49 2989 

M70 (3% Bacillus 
subtilis) 

10.02 5.1 48 2453.774 

M30 (5% Bacillus 
subtilis) 

12.10 6.3 46 3506.712 

M70 (5% Bacillus 
subtilis) 

12.09 6.6 45 3590.847 

Fig. 10 SEM analysis 

3.4 Micro-structural Properties 

Micro structural characterization is concerned with the study of microelements and 
chemical composition. From Fig. 10, whether the element present is crystalline or 
amorphous and what it consists of, as well as its chemical composition. In this project, 
it is mainly used to check the contained micro cracks and confirm the formation 
of CaCO3 that fills the bacterial morphology and micro cracks. There are various 
methods for micro structural analysis, such as SEM (Scanning Electron Microscope) 
analysis, XRD (X-Ray diffraction), and EDX (energy dispersive X-ray analysis). 

By performing EDX analysis shown in Figs. 11 and 12 at three different locations 
in the SEM image, different elements are obtained, including different weights and
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atomic percentages of SiK-OK-CaK. When this he reacts with H2O (water), CaCO3 

is formed (crack healing). 

Fig. 11 EDX at Spot 1 

Fig. 12 EDX at Spot 2
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4 Conclusion 

This experiment is conducted for study of strength durability and micro structural 
behaviour of self-healing concrete, for M30 and M70 with and without Bacillus 
bacteria of 3% and 5% 

1. The compressive strength for M30 (3%) and M30 (5%) at 28 days was increased 
by 15% and 20% respectively compared to M30. 

2. The compressive strength for M70 (3%) and M70 (5%) at 28 days was increased 
by 15% and 20% respectively compared to M70. 

3. The tensile strength for M30 (3%) and M30 (5%) at 28 days was increased by 
14% and 18% respectively compared to M30. 

4. The tensile strength for M70 (3%) and M30 (5%) at 28 days was increased by 
14% and 18% respectively compared to M70. 

5. The flexural strength for M30 (3%) and M30 (5%) at 28 days was increased by 
15% and 20% respectively compared to M30. 

6. The flexural strength for M30 (3%) and M30 (5%) at 28 days was increased by 
15% and 20% respectively compared to M30. 

7. The acid attack test shows weight reduced for M30 and M70 was 8%, for M30 
(3%) and M70 (3%) was 10%, for M30 (5%) and M70 (5%) was 12%. 

8. The SEM images shows us that the healing in M30 (5%) and M70 (5%) was 
faster compared to M30 (3%) and M70 (3%). 
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Development of Self Compacting Geo 
Polymer Hybrid Fiber-Reinforced 
Concrete Using Highly Potential 
Sustainable Materials 

B. Narendra Kumar, P. Pavan, and G. Vinod Kumar 

1 Introduction 

In the present world, the global warming is the major crisis for the sustainable devel-
opment [1]. The utilization of waste products obtained from the power plant can 
be used as replacement to cement and decrease the environmental effect [2]. The 
research has led to the substitute of cement with the Fly Ash [3], which deals with 
the geo polymer concrete [4] incorporating SSC which is cement free [5]. The geo 
polymer concrete is difficult to place, but with ease of self-compacting concrete 
the SCGPC showed exceptionally good flow [6, 7]. In GPC, the silica and alumina 
content are more which undergoes chemical reaction and form C–S–H gel [8] called 
Geo polymerization. The other key factor for geo polymer concrete is alkali acti-
vated materials like sodium silicate and sodium hydroxide which acts as a binder 
[9–11]. The Cementitious materials like Fly Ash, GGBS and Metakaolin [12] reacts 
with alkali activated materials and improves the workability of the mix [13, 14]. 
The SCGPHFC incorporates combination of two fibers like steel fiber [15] and PVA 
[16] fiber. To design the SCGPHFC mix the serviceability of the concrete plays a 
key role for the workability, hardened properties, and durability properties which are 
interlinked with every property of the concrete. For, the workability of concrete the 
following test methods are determined which influences the strength and durability 
properties of concrete [17–19]. The strength properties for SCGPHFC are deter-
mined for the 7 days of ambient curing. Durability tests like abrasion resistance of 
concrete, acid resistance of concrete and rapid chloride permeability test (RCPT) of 
concrete were conducted [20–22].
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2 Significance of Research 

This research focuses on incorporating cementitious materials such as GGBS, 
Metakaolin and Fly ash along with hybrid fibers like Steel fibers and PVA fibers 
to enhance the strength and performance properties of concrete. The aim is to 
produce green concrete having desirable strength and durability. The main intention 
of this work is to evaluate the performance of self-compacting geopolymer hybrid 
fiber-reinforced concrete by using steel fibers and PVA fibers in different proportions. 

3 Research Gap

• The impact of supplementary cementitious materials with hybrid fibers on fresh 
and hardened qualities, as well as durability features, has not been fully determined 
in existing research surveys.

• Different doses of hybrid fibers in geopolymer concrete are being investigated. 

4 Materials and Methods 

Class F fly ash is used which is obtained from a by-products of industrial waste 
from a thermal power plant [23, 24] which consists mostly of alumina and silica 
which is classified according to the ASTM C 618 [3]. The GGBS was obtained from 
the steel industry supplied by local suppliers available in Hyderabad which have a 
specific gravity of 2.7 which is classified according to the ASTM C 9892018 [25–27]. 
The Metakaolin [MK] is supplied by local suppliers and was classified according to 
ASTM C 618 N as having specific gravity is 2.6 which is obtained from calcined 
kaolin [8] clay. The NaOH is taken in the form of pellets which is prepared for 8 M 
concentration with prior to one day of the mix. The sodium silicate was available in 
the form of liquid gel from the locally available with configuration of Na2O, SiO2 

and water [28, 29]. The aggregates were used in the present work are locally available 
conforming to IS 383:2016 [30, 31]. The Super Plasticizer of Master Glenium ACE 
30 which was available in BASF industries which is the admixture of poly carboxylic 
ether polymer with high early strength gain according to the IS 9103:1988 [32–34]. 
The steel fiber having the aspect ratio of 67 and density of 7800 kg/m3. The PVA 
fiber is unique in their ability [16] to create the molecular bond with mortar with the 
aspect ratio [35, 36] of 315 and density of 1190 kg/m3.
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5 Mix Proportioning of SCGPHFC 

The mix proportioning of SCGPHFC, the powder content and aggregates are constant 
for all the mixes. Overall, the six mixes were changing in the percentage of fibers 
with the total percentage of fibers is 1.5%. Table 1 shows the mix proportioning of 
SCGPHFC.

6 Mixing and Casting 

For homogeneous mixing of concrete 80 L capacity electrically operated pan mixer 
was used mixing of concrete The total amount of aggregates and powder content 
are added simultaneously and alkali activator solution, water, and superplasticizer is 
added one after the other for the proper mix for uniform mixture as shown in Fig. 1. 
The mixed SCGPHFC was deposited into the molds. After 24 h, the specimens were 
detached and molds were kept for ambient temperature for 7, 28, and 90 days after 
performing all the workability.

7 Experimental Investigation on Workability 

The workability of SCGPHFC was evaluated by performing the tests according to 
ASTM C 143–15 as shown below in the Figs. 2, 3 and 4.

The results of SCGPHFC mixes are depicted in Figs. 5, 6 and 7. It was observed 
that the mix of SCGPHFC 1, that is, mix without fiber showed the greater flow 
than other mixes with fiber. The SCGPHFC1 showed the values 650 mm for slump 
flow, 0.86 for L-Box test and 2.5, 7.5 for V-funnel tests whereas the optimum mix 
SCGPHFC 5 showed lowest values 540 mm for slump flow, 0.83 for L-Box test 
and 4.5,10 for V-funnel tests. Concrete flow is reduced due to non-homogeneity 
created by addition of fibers and with increase in the proportion of fiber content, the 
workability decreased as shown.

8 Compressive Strength 

Compressive strength of concrete is conducted by cubes of size 150 mm as shown in 
Fig. 8, which was cast, cured, and tested at the end of 7, 28 and 90 days as shown in 
Table 2 as per IS 516 [37]. The SCGPHFC 5 mix showed highest value of compressive 
strength and for the next proportion a decline in strength was observed however the 
value was not less than SCGPC 1, that is, mix without fiber. Due to higher density 
of steel fiber, the gain in strength was more compared to PVA fiber.
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Fig. 1 Pan mixer

Fig. 2 Slump flow of 
concrete
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Fig. 3 V-Funnel test 

Fig. 4 L-Box test
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Due to the constant powder content, a polymerization reaction takes place, which 
enhances the compressive strength by 26.3%, 29%, 30% at 7 days, 28 days, and 
90 days when compared to the mix without fibers. Presence of equal proportions 
of fibers in the mix SCGPHFC 5, that is, 0.75% of PVA and steel fiber are respon-
sible for having more strength properties compared to other mixes having different
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Fig. 8 Compression testing machine 

Table 2 Compressive 
strength MIX selection Compressive strength (MPa) 

7 Days 28 Days 90 Days 

SCGPHFC 1 29.8 38 41.2 

SCGPHFC 2 37.63 49 53.59 

SCGPHFC 3 39.85 51.8 56.19 

SCGPHFC 4 42.63 52.6 61 

SCGPHFC5 43.1 54.8 67 

SCGPHFC6 40.8 52.3 55.6

percentages of fibers. The compressive strength for SCGPHFC 5 has 67 Mpa for 
90 days as shown in above Fig. 9.

9 Split Tensile Strength 

Split Tensile strength is conducted on a standard sample having a 150 mm diameter 
and 300 mm of height [38]. The specimens were cast, cured, tested and the experi-
mental values are shown in the Table 3. The Split tensile strength test was performed 
according to IS 516 [37]. Higher value of tensile strength was attained for SCGPHFC 
5 and for the later mix i.e. SCGPHFC 6 the strength decreased. Steel fiber has more 
tensile strength properties when compared to the PVA fiber. And thus the reduction 
in strength for SCGPHFC 6 is attributed to decrease in percentage of steel fiber.

The strength was increased by 58.2%, 57.5%, 58.1% at the end of 7 days, 28 days, 
90 days due to the presence of fibers. The addition of fibers thus imparts good tensile 
strength to concrete. As the percentage of fiber increases the strength also increases



Development of Self Compacting Geo Polymer Hybrid … 209

29.8 

37.63 39.85 42.63 43.1 40.8 
38 

49 51.8 52.6 54.8 52.3 

41.2 

53.59 56.19 
61 

67 

55.6 

0 

10 

20 

30 

40 

50 

60 

70 

80 

SCGPHFC 1 SCGPHFC 2 SCGPHFC 3 SCGPHFC 4 SCGPHFC5 SCGPHFC6 

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(M

Pa
) 

Mix Designation 

7 Days 

28 Days 

90 Days 

Fig. 9 Compressive strength for SCGPHFC

Table 3 Split tensile strength 
for SCGPHFC mixes Mix designation Split tensile strength (MPa) 

7 Days 28 Days 90 Days 

SCGPHFC 1 3.5 4.3 4.8 

SCGPHFC 2 5.6 6.9 7.6 

SCGPHFC 3 6 7.41 8.2 

SCGPHFC 4 6.5 8 8.84 

SCGPHFC 5 7 8.7 9.54 

SCGPHFC 6 6 7.6 8.4

i.e. for SCGPHFC 5 due to the constant powder content, good geo-polymeization 
reaction occurs and addition of equal proportions of both fibers, that is, 0.75% of 
PVA and steel fiber, increased the strength properties compared to other mixes having 
different percentages of fibers. The tensile strength for SCGPHFC 5 was 9.54 Mpa 
as shown in Fig. 10.

10 Flexural Strength 

The test is performed on samples of size 150 mm × 150 mm × 100 mm. These 
specimens are cast, cured, and tested at 7 days, 28 days and 90 days as shown in the 
Fig. 11 and Table 4. Based on the results, increase in flexural strength was observed 
to be highest for SCGPHFC 5 and for the later mix SCGPHFC 6 the strength was
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decreased, however the value was not less than the mix without fiber. The reason for 
reduction in trength is due to lesser proportion of steel fiber in the latter mix. 

The strength increases by 25.4%, 23.6%, 21.6% at the end of 7, 28, 90 days due 
to the presence of fibers. As the percentage of fiber increases the strength increases,

Fig. 11 Flexure testing machine
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Table 4 Flexural strength 
Mix designation 

7 Days 28 Days 90 Days 

SCGPHFC 1 4.01 5.7 5.92 

SCGPHFC 2 6.34 9.01 9.37 

SCGPHFC 3 6.84 9.73 10.11 

SCGPHFC 4 7.38 10.5 10.91 

SCGPHFC 5 7.97 11.34 12.78 

SCGPHFC 6 7.01 9.97 10.36
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Fig. 12 Flexural strength 

that is, for SCGPHFC 5 mix having 0.75% of PVA and steel fiber the concrete 
matrix properties are inhanced which increasing the flexural property compared to 
SCGPHFC 1. The strength for SCGPHFC 5 was 12.78 Mpaas shown in the Fig. 12. 

11 Conclusions 

Conclusions from the experimental investigation of Self Compacted Geo Polymer 
Hybrid Fiber Concrete are: 

1. The mix proportions adopted in this experiment included by-products like fly ash, 
GGBS, metakaolin which satisfied the EFNARC guidelines. The workability of 
the concrete decreases as the dosage of fiber increases and fiber is said to induce 
non-homogeneity to concrete.
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2. For the mix SCGPHFC 5 the Compressive strength, Split Tensile strength, and 
Flexural strength were maximum compared to the other mixes. 

3. The compressive strength was increased by 16.7%, Split tensile strength was 
increased by 17.2% and flexural strength was increased by 12.67% for 7 days to 
28 days, respectively. 

4. The future scope of the work is the sustainable development of concrete with 
different mineral admixtures and different fibers in the practical applications of 
concrete. 
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20. Atiş CD, Karahan O (2009) Properties of steel fiber reinforced fly ash concrete. Constr Build 
Mater 23(1):392–399 

21. Olivito RS, Zuccarello FA (2010) An experimental study on the tensile strength of steel fiber 
reinforced concrete. Compos B Eng 41(3):246–255 

22. Noushini A, Samali B, Vessalas K (2013) Effect of polyvinyl alcohol (PVA) fibre on dynamic 
and material properties of fibre reinforced concrete. Constr Build Mater 49:374–383 

23. Boukendakdji O, Kadri EH, Kenai S (2012) Effects of granulated blast furnace slag and super-
plasticizer type on the fresh properties and compressive strength of self-compacting concrete. 
Cement Concr Compos 34(4):583–590 

24. Meena A, Singh N, Singh SP (2023) High-volume fly ash self consolidating concrete with coal 
bottom ash and recycled concrete aggregates: fresh, mechanical and microstructural properties. 
J Build Eng 63:105447 

25. Singh RB, Singh B (2018) Rheological behaviour of different grades of self-compacting 
concrete containing recycled aggregates. Constr Build Mater 161:354–364 

26. IS 2386-1963 Methods of test for aggregates for concrete 
27. IS: 9103-1999 Specification for concrete 
28. IS: 516-1959 Method of test for strength for concrete 
29. EFNARC (2005) Specifications and guidelines for self-compacting concrete 
30. Ramujee K, Raju MP (2017) Mechanical properties of geoploymer concrete compositure 

materials today proceedings 2937–2945 
31. Dinakar P, Sethy KP, Sahoo UC (2013) Design of self-compacting concrete with ground 

granulated blast furnace slag. Mater Des 43:161–169 
32. Gharzouni A, Vidal L, Essaidi N, Joussein E, Rossignol S (2016) Recycling of geopolymer 

waste: influence on geopolymer formation and mechanical properties. Mater Des 94:221–229 
33. Güneyisi E, Gesoglu M, Algın Z, Yazıcı H (2016) Rheological and fresh properties of self-

compacting concretes containing coarse and fine recycled concrete aggregates. Constr Build 
Mater 113:622–630 

34. Al Bakria AM, Kamarudin H, BinHussain M, Nizar IK, Zarina Y, Rafiza AR (2011) The effect 
of curing temperature on physical and chemical properties of geopolymers. Phys Procedia 
22:286–291 

35. Karthik A, Sudalaimani K, Kumar CV (2017) Investigation on mechanical properties of fly 
ash-ground granulated blast furnace slag based self curing bio-geopolymer concrete. Constr 
Build Mater 149:338–349. SION 

36. Kim JY (2015) A study on the preparation method of geopolymeric concrete using specifically 
modified silicate and inorganic binding materials and its compressive strength characteristics. 
J Korean Ceram Soc 52(2):150–153 

37. Barluenga G, Palomar I, Puentes J (2015) Hardened properties and microstructure of SCC with 
mineral additions. Constr Build Mater 94:728–736 

38. Girish S, Ranganath RV, Vengala J (2010) Influence of powder and paste on flow properties of 
SCC. Constr Build Mater 24(12):2481–2488 

39. Manjunath R, Narasimhan MC (2018) An experimental investigation on self-compacting alkali 
activated slag concrete mixes. J Build Eng 17:1–12 

40. Karthik A, Sudalaimani K, Kumar CV (2017) Investigation on mechanical properties of fly 
ash-ground granulated blast furnace slag based self curing bio-geopolymer concrete. Constr 
Build Mater 149:338–349 

41. Ma K, Feng J, Long G, Xie Y, Chen X (2017) Improved mix design method of self-compacting 
concrete based on coarse aggregate average diameter and slump flow. Constr Build Mater 
143:566–573



214 B. N. Kumar et al.

42. Bellum RR, Muniraj K, Madduru SRC (2020) Influence of slag on mechanical and durability 
properties of fly ash-based geopolymer concrete. J Korean Ceram Soc 57(5):530–545 

43. Lee SH, Kim GS, Lee SH, Kim GS (2017) Self-cementitious hydration of circulating fluidized 
bed combustion fly ash. J Korean Ceram Soc 54(2):128–136



Innovative Construction Techniques 
and Management



Selection of Sustainable Repair Mortars 
for Heritage Structures: A Hybrid 
MCDM Approach 

Nikhil Kumar Degloorkar and Rathish Kumar Pancharathi 

1 Introduction 

Multi-attribute decision-making (MADM) and multi-objective decision-making 
(MODM) methods are broadly classified into multi-criteria decision-making 
methods. In MADM methods, a set of finite predefined alternatives is consid-
ered from which the best alternative will be selected, considering certain defined 
criteria. A sorting and selection of a decision-making method is involved in this 
process. Few examples of MADM methods include pairwise comparison methods 
like analytical hierarchy process (AHP), analytical network process (ANP), distance-
based method like technique for order preference by similarity to ideal solution 
(TOPSIS), compromising methods like VIseKriterijumska Optimizacija I Kompro-
misno Resenje (VIKOR), outranking methods like elimination and choice translating 
reality (ELECTRE) and preference ranking organization method for enrichment of 
evaluations (PROMETHEE). In MODM methods, optimization is performed for 
multiple objectives considering different constraints. This method is generally used 
in arriving at a product design. Few examples of MODM methods include linear 
programming (LP), non-integer linear programming (NILP), mixed integer linear 
programming (MILP), goal programming (GP), etc. [1–3].
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The selection of material for a particular product is a major decision-making 
problem in any construction or manufacturing industry. Decision-making has become 
easy due to the availability of many databases regarding the requirements of a mate-
rial to cater to a product, along with advancements in information technology. The 
consistency of data with a set of conflicting criteria is a huge concern, and various 
MADM techniques prove to be handy in this process. Additionally, a fuzzy approach 
was incorporated into MADM methods to avoid vagueness and uncertainty in data 
[4]. 

The importance of sustainable material selection that has less impact on the envi-
ronment was discussed by Holloway [5]. The use of MCDM techniques for material 
selection in engineering applications was indicated to be gradually growing by Jahan 
et al. [6]. Fuzzy AHP analysis was used by Stanojevic et al. [7] to arrive at the  key  
indicators for increasing energy efficiency in heritage structures. It was established by 
Nadkarni et al. [8] that MCDM application in heritage structures was predominantly 
focused on the alternative and adaptive use of materials. AHP was also established 
as the most widely used MCDM technique for the determination of the weigh-
tages of criteria. The best concrete repair strategy was decided by employing AHP 
analysis and considering physical and chemical requirements of repair material by 
Jeong-Yun Do et al. [9]. Anojkumar et al. [10] applied a hybrid MCDM approach 
in selecting the best pipe material for the sugar industry. In selecting sustainable 
materials in UAE, Govindan et al. [11] used a hybrid MCDM model. Khorshidi 
et al. [12] used TOPSIS and preference selection index (PSI) methods and applied a 
comparative analysis approach in selecting the desirable combination of aluminium 
silicate composites based on strength and workability characteristics. Preference 
ranking methods like PROMETHEE-I and PROMETHEE-II were used by Prasenjit 
et al. [13] in material selection. ELECTRE-I, a partial ranking, and ELECTRE-II, 
a complete ranking method, were employed by Chatterjee et al. [14] for material 
selection decision-making problems. Preference selection index (PSI) method was 
suggested by Maniya and Bhatt [15] for material selection problems where the rela-
tive importance of criteria was avoided. The selection of the desired natural fibre 
composite material for passenger vehicle design was done using the AHP method. 
Kumar et al. [16] proposed TOPSIS and PSI methods for arriving at the best suit-
able self-curing self-compacting mortars considering criteria such as slump flow, 
V-funnel time, compressive strength, sorptivity coefficient and acid durability loss 
factors. 

It is evident from the literature mentioned above that the material selection 
predominantly used a hybrid MCDM approach, and the weightages of criteria were 
determined using the AHP method. In the present study, the AHP + TOPSIS and 
AHP + PROMETHEE-II hybrid MCDM approaches were utilized to select a suit-
able lime–GGBS-based mortar for repairing heritage structures. Criteria for selection 
included physical factors (porosity, water absorption, water absorption through capil-
larity), mechanical factors (compressive and transverse strengths), durable factors 
(drying shrinkage, alkali resistance, salt crystallization cycles) and sustainable factors 
(energy demand, total emissions, environmental load) based on the authors’ previous 
investigations [17, 18].
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2 Research Significance 

Most heritage structures all over the world were constructed using locally available 
materials, and investigations have been carried out on ancient mortars worldwide. 
However, there are limited scientific studies on ancient mortars of heritage structures 
in the southern part of India [19, 20]. Lime was the predominant binder used in these 
heritage structures, along with additions of natural pozzolanic materials such as brick 
earth and volcanic tuff. 

3 Materials 

Binder components used in the study include hydrated lime (L) with specific gravity 
2.24 and ground granulated blast-furnace slag (GGBS-G) with specific gravity 2.73. 
Zone II sand, which conforms to IS:386-2016 [21] and has a specific gravity of 2.68 
and density of 1.46 g/cm3, is used. Potable water, according to IS:456-2005 [22] 
and IS:10500-2012 [23], is used. The study considered mortars with binder:sand 
proportions of 1:3 (A) and 1:1 (B) by weight, with lime being replaced with GGBS 
from 0 to 75% by weight. Table 1 shows the legend and mortar mix proportions. 

Table 1 Legend and mortars mix proportions 

Legend Hydrated 
lime (L) (in 
Kg) 

Replacement 
of lime with 
GGBS (in %) 

GGBS (G) 
(in Kg) 

Binder:sand Sand (in Kg) Potable 
water (in 
Kg) 

LA 405 0 0 1:3 1215 305 

LG30A 304 30 130 1302 313 

LG50A 227 50 227 1362 310 

LG66A 156 66 310 1398 307 

LG75A 119 75 355 1422 293 

LB 692 0 0 1:1 692 416 

LG30B 520 30 223 743 414 

LG50B 398 50 398 796 390 

LG66B 279 66 557 836 381 

LG75B 214 75 641 855 376
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4 Methods and Discussions 

A hybrid MCDM model, which consists of AHP + TOPSIS and AHP + 
PROMETHEE methods, is proposed and depicted in Fig. 1. Different attributes 
related to the problem are identified based on expert experience and literature survey. 
The alternatives are lime-based mortars shown in Table 1, from which the best alter-
native mortar is to be obtained for repairing heritage structures using this proposed 
model. In this study, various attributes were identified as per authors’ previous inves-
tigations [17, 18], such as compressive strength (N/mm2) (A1), transverse strength 
(N/mm2) (A2), salt crystallization cycles (Nos) (A3), shrinkage (mm/m) after 70 days 
(A4), alkali resistance (%) (A5), water absorption (%) (A6), porosity (%) (A7), capil-
lary absorption (Kg/m2.min0.5) (A8), energy consumption (MJ) (A9), total emissions 
(Kg.CO2 equivalent) (A10), environmental load (points) (A11) and bulk density (Kg/ 
m3) (A12). 

The attributes are compared pairwise using analytical hierarchy process (AHP), 
and their consistency is measured with the consistency ratio (CR). Consistency of the 
data is considered achieved if CR ≤ 0.1. Then, the weightages of the attributes are 
computed. Favourable and unfavourable attributes are identified and listed in Table 2. 
The decision matrix showing the data values of all the alternate mortars in relation 
to the attributes is presented in Table 3.

Literature Survey 

Pairwise comparison of attributes  

Ranking/Sorting of 
Alternatives 

Attributes are obtained 

Attributes weightages are calculated  

Alternatives and Attributes 
TOPSIS & 

PROMETHEE -II 

Best suitable alternative is obtained 

AHP 
Analysis 

Fig. 1 Hybrid MCDM approach for the selection of best suitable lime-based mortar 
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Table 2 Attributes and their weightages using AHP analysis 

Attribute Favourable/Unfavourable Weights Consistency ratio (CR) 

Compressive strength (N/ 
mm2) (A1)  

Favourable 0.217 CR = 0.07 ≤ 0.1 (Hence, 
the data are reliable and 
consistent)Transverse strength (N/ 

mm2) (A2)  
Favourable 0.164 

Salt crystallization cycles 
(Nos) (A3) 

Favourable 0.113 

Shrinkage (mm/m) 
after 70 days (A4) 

Unfavourable 0.097 

Alkali resistance (%) (A5) Unfavourable 0.085 

Water absorption (%) (A6) Unfavourable 0.074 

Porosity (%) (A7) Unfavourable 0.065 

Capillary absorption (Kg/ 
m2.min0.5) (A8)  

Unfavourable 0.056 

Energy consumption (MJ) 
(A9) 

Unfavourable 0.045 

Total emissions (Kg.CO2 
equivalent) (A10) 

Unfavourable 0.038 

Environmental load 
(points) (A11) 

Unfavourable 0.032 

Bulk density (Kg/m3) (A12) Favourable 0.014

4.1 TOPSIS Method 

In the TOPSIS method depicted in Fig. 2, vector normalization of data values for all 
alternatives with respect to attributes is performed, and the results are presented in 
Table 4. The weighted normalized matrix is obtained by multiplying the weightages 
of attributes with these normalized values. The positive ideal solution (PIS) and 
negative ideal solution (NIS) are obtained and presented in Table 5. The suitable 
alternate mortar is chosen as the one closest to the positive ideal solution. The square-
root mean distance of alternatives from PIS and NIS, denoted as (Si +) and (Si−), 
respectively, is calculated and is plotted as shown in Fig. 3. The relative closeness 
coefficient (Ci) is then computed using these distances as illustrated in Table 6. The  
alternative with the highest (Ci) is selected as the best alternate mortar, representing 
its distance from NIS. Table 6 presents the sorting and ranking of all the alternatives 
based on their relative closeness coefficients. It is observed that lime-based mortars 
(LG66B and LG66A) showed high relative closeness coefficient values of 0.908 and 
0.542, respectively, amongst 1:1 and 1:3 (binder:sand) mortars.
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Data values of all the alternatives are vector 
normalized 

Normalized data values are multiplied with the 
weightages of individual attribute 

Positive Ideal Solution (PIS)  

Distance of i 
th

 alternative with PIS is calculated as Si 

+
 and that 

with NIS is calculated as Si

-

Relative Closeness of i 
th

 alternative with respect to NIS is 
calculated as Ci = (Si 

+ 
/(Si 

+ 
+Si

-
)) 

Alternatives are arranged in descending of Ci 

Values 

Maximum value for Favourable 
Attribute 

Minimum Value for Unfavourable 
Attribute  

Negative Ideal Solution (NIS)  

Minimum value for Favourable 
Attribute 

Maximum Value for Unfavourable 
Attribute  

Best Alternative has the highest 
CiValue 

Fig. 2 TOPSIS methodology

4.2 PROMETHEE-II Method 

The PROMETHEE-II method is a complete ranking method in which the data values 
obtained for all the alternatives with respect to all the attributes are normalized using 
minimum and maximum data values from Table 7, as shown in Fig. 4. The normal-
ized data values are presented in Table 8. The establishment of preference of one 
alternative with another is done, and then weightages of attributes are multiplied 
with these preference values to obtain aggregate preference values. Positive (∅+

a ) 

and negative flows (∅−
a ) indicating the preference and non-preference of a particular 

alternative with all the other alternatives are calculated and are plotted as shown 
in Fig. 5. Net outranking flow (Øa), which is the difference of positive and nega-
tive flow, is calculated for all the alternatives. Alternatives are then arranged in the
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Table 5 Positive and negative ideal solutions (PIS and NIS) 

Attribute Positive ideal 
solution (PIS) 

Negative ideal 
solution (NIS) 

Compressive strength (N/mm2) (A1) 0.105 0.016 

Transverse strength (N/mm2) (A2) 0.075 0.016 

Salt crystallization cycles (Nos) (A3) 0.043 0.020 

Shrinkage (mm/m) after 70 days (A4) 0.020 0.044 

Alkali resistance (%) (A5) 0.017 0.045 

Water absorption (%) (A6) 0.019 0.030 

Porosity (%) (A7) 0.018 0.026 

Capillary absorption (Kg/m2.min0.5) (A8) 0.008 0.031 

Energy consumption (MJ) (A9) 0.013 0.016 

Total emissions (Kg.CO2 equivalent) (A10) 0.008 0.018 

Environmental load (points) (A11) 0.007 0.015 

Bulk density (Kg/m3) (A12) 0.005 0.004 

0.012 
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Fig. 3 Distances of alternatives mortars from positive and negative ideal solutions

descending order of these net outranking flows as shown in Table 9, and the alterna-
tive having the highest net outranking flow is considered as the best suitable alternate 
mortar. It can be observed that lime-based mortars (LG66B and LG66A) showed high 
net outranking flow values of 0.317 and 0.160, amongst 1:1 and 1:3 (binder:sand) 
mortars, respectively.
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Table 6 Relative closeness coefficient and ranking of alternatives from TOPSIS method 

Alternatives Distance from PIS (Si +) Distance from NIS 
(Si−) 

Relative closeness 
coefficient 
Ci = Si−/(Si + + Si−) 

Rank 

LG66B 0.012 0.116 0.908 1 

LG75B 0.014 0.108 0.883 2 

LG50B 0.019 0.104 0.843 3 

LG30B 0.032 0.094 0.745 4 

LG66A 0.058 0.069 0.542 5 

LG50A 0.067 0.059 0.468 6 

LG75A 0.071 0.060 0.461 7 

LG30A 0.085 0.044 0.339 8 

LA 0.116 0.014 0.105 9 

LB 0.111 0.009 0.078 10

Table 7 Minimum and maximum data values of attributes amongst all the alternative mortars 

Attribute Maximum 
value (max) 

Minimum 
value (min) 

Difference (max–min) 

Compressive strength (N/mm2) (A1) 9.02 1.39 7.64 

Transverse strength (N/mm2) (A2) 2.46 0.53 1.94 

Salt crystallization cycles (Nos) (A3) 17 8 9 

Shrinkage (mm/m) after 70 days (A4) 4.45 2.08 2.37 

Alkali resistance (%) (A5) 25.50 9.42 16.08 

Water absorption (%) (A6) 28.45 18.52 9.93 

Porosity (%) (A7) 45.07 31.23 13.84 

Capillary absorption (Kg/ 
m2.min0.5) (A8)  

1.62 0.39 1.23 

Energy consumption (MJ) (A9) 4633 3614 1019 

Total emissions (Kg.CO2 
equivalent) (A10) 

727 309 418 

Environmental load (points) (A11) 178,475 75,736 102,739 

Bulk density (Kg/m3) (A12) 2184 1799 385

5 Conclusions 

The study utilized hybrid MCDM approaches AHP + TOPSIS and AHP + 
PROMETHEE-II to determine the best suitable lime-based mortars for the repair 
of heritage structures. From the study, the following conclusions were derived:
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Data values obtained as (dij) for i 
th 

alternative and j 
th

 attribute for all ‘n’ 
alternatives and ‘m’ attribute 

Normalization of data values (Rij) is 
calculated differently for favourable and 

unfavourable attribute 

Preference Function of a 
th

 alternative 
with respect to b 

th
 alternative (Pj(a,b)) 

Pj(a,b) = [Raj-Rbj] if Raj ≤ Rbj 

Pj(a,b) = 0 if Raj > Rbj 

Aggregate Preference Function of a 
th 

alternative with respect to b 
th

 alternative 
(A(a,b))  

A(a,b) = 

wj – weightage of j 
th

 attribute 

Rij =  – Favourable Attribute 

Rij =  – Unfavourable 

djmin – least data value among all ‘n’ 

alternatives with respect to j 
th

 attribute 

djmax – highest data value among all ‘n’ 

alternatives with respect to j 
th

 attribute 

An (n x n) matrix with all the aggregate 
preference function values is developed  

Positive Flow ( ) of a 
th

 alternative is 

Negative Flow ( ) of a 
th

 alternative is 
calculated as  

Net Outranking Flow (Øa)of a 
th

 alternative 
is calculated as Øa = 

All the ‘n’ alternatives are sorted in the 
descending order of Net flows  

Best Alternative has the highest net 
outranking flow  

Fig. 4 PROMETHEE-II methodology

• Twelve different attributes namely compressive strength (A1), transverse Strength 
(A2), salt crystallization cycles (A3), shrinkage (A4), alkali resistance (A5), water 
absorption (A6), porosity (A7), capillary absorption (A8), energy consumption 
(A9), total emissions (A10), environmental load (A11) and bulk density (A12) 
were considered in the study.
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Fig. 5 Positive and negative outranking flows of alternate mortars 

Table 9 Net outranking flow and ranking of alternatives from PROMETHEE-II method 

Alternatives Sum of Øa 
– Sum of Øa 

– Sum of Øa = Øa 
+–Øa 

+ Rank 

LG66B 0.356 0.039 0.317 1 

LG75B 0.313 0.043 0.270 2 

LG50B 0.272 0.075 0.196 3 

LG66A 0.246 0.086 0.160 4 

LG75A 0.226 0.124 0.103 5 

LG30B 0.219 0.147 0.071 6 

LG50A 0.185 0.126 0.060 7 

LG30A 0.121 0.200 −0.079 8 

LA 0.028 0.538 −0.509 9 

LB 0.007 0.595 −0.588 10

• A good consistency in pairwise comparison between attributes was achieved 
through analytical hierarchy process (AHP), with a consistency ratio of 0.07, 
which is less than 0.10. 

• The weightages of attributes A1, A2, A3, A4, A5, A6, A7, A8, A9, A10, A11 
and A12 were obtained as 0.217, 0.164, 0.113, 0.097, 0.085, 0.074, 0.065, 0.056, 
0.045, 0.038, 0.032 and 0.014, respectively, using AHP analysis. 

• The highest relative closeness coefficient values (Ci) of 0.908 and 0.542 amongst 
1:1 and 1:3 (binder:sand) proportion mortars were attained by lime–GGBS-based 
mortars LG66B and LG66A using the hybrid AHP + TOPSIS method. 

• The distances of LG66B from positive ideal solution (PIS) and negative ideal 
solution (NIS) were S+ 

i = 0.012 and S− 
i = 0.116, respectively. Similarly, the 

distances of alternative LG66A from positive ideal solution (PIS) and negative 
ideal solution (NIS) were S+ 

i = 0.058 and S− 
i = 0.069, respectively. 

• Amongst 1:1 and 1:3 (binder:sand) proportion mortars, the highest net outranking 
flow values (Øa) of 0.317 and 0.160 were attained by lime–GGBS-based mortars 
LG66B and LG66A, respectively, using the hybrid AHP + PROMETHEE-II 
methods.
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• The alternative LG66B had a positive or entering flow value of Øa 
+ = 0.356 and 

a negative or leaving flow value of Øa
− = 0.039. Likewise, for the alternative 

LG66A, positive and negative outranking flow values were Øa 
+ = 0.246 and Øa

− 

= 0.086, respectively. 

Based on the above conclusions, it can be inferred that the best suitable mortars 
for repairing masonry heritage structures are lime–GGBS-based mortars (LG66A 
and LG66B), which were determined based on various physical, mechanical, dura-
bility and sustainable factors. Moreover, depending on the type of masonry used in 
the heritage structure, LG66A is recommended for brick masonry, and LG66BO is 
recommended for stone masonry. 
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Effect of Window Glazing Materials 
on Life Cycle Energy Performance 
of Building: A Case Study 

Akshitha Kasula and Suchith Reddy Arukala 

1 Introduction 

The availability of energy resources is essential to everyday activities. Reducing 
energy consumption is one of the major goals of energy-efficient consumption. There 
are various types of buildings, including residential, commercial, and industrial. It is 
observed that buildings are essential to our country’s socio-economic development 
but consume a lot of energy. Buildings are responsible for consuming nearly 47% 
of all main energy and large amounts of greenhouse gases are released into the 
atmosphere, which is why there is an increase in global warming. Hence, energy 
analysis is essential [1]. Structures require energy from the time they are built until 
they are demolished. As the energy consumption of a building can be minimized 
through alternate designs, it is more significant to examine it during the design phase 
rather than during construction. Although the number of commercial structures built 
with a glass facade has expanded rapidly, numerous examinations have revealed 
that the use of heating and cooling in these structures is excessive, indicating low 
energy efficiency. Construction companies need to develop sustainable buildings 
which conserve and utilize energy efficiently to meet this challenge.
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1.1 Definition of Life Cycle Energy and Its Components 

The term “life cycle energy” refers to a method of accounting for all energy inputs 
into a structure throughout the course of its existence. An analysis of this system 
includes phases such as construction, use, and demolition. Building materials are 
produced, transported, and technical equipment is installed during the production 
process to establish and restore structures. Operational activities are those related to 
the building’s use throughout its life cycle. These activities include actions such 
as maintaining pleasant conditions within buildings, using water, and operating 
appliances. The demolition step includes demolishing the structure and moving the 
disassembled debris to landfills. 

1.2 Significance of BIM 

A building’s information model includes geometric information, building compo-
nents, material properties, cost of the materials used, HVAC equipment, and elec-
trical systems. The major reasons for implementing BIM tools are to automate the 
modelling process, make construction documents more accurate, improve commu-
nication between the parties involved in the design stage and construction stage, 
and automatically reflect updates in all aspects after one view has been modified 
in order to reduce field coordination issues [2]. There are several tools referred to 
BIM tools such as Allplan, ArchiCAD, Microstation, Revit, and Vectorworks. GBS 
is integrated with Revit through Autodesk, requires only free activation of Autodesk 
ID to facilitate energy modelling in this CAD tool. According to research, ArchiCAD 
and Revit are the most common BIM authoring tools, with Revit being more user 
friendly. According to literature reviews, there is a research gap in current studies. 
[3–5], such that when data are transferred from BIM to BEM, users discover that 
certain data (HVAC data) are missing and must be manually added. Energy simula-
tion is performed in energy plus by extracting the IFC file from Revit [5]. The present 
work covers energy modelling using Green Building Studio by importing data from 
the Revit BIM tool in gbXML format. 

1.3 Green Building Studio 

The Green Building Studio is known as an online-based energy evaluation tool 
that gives designers access to whole-building energy assessment, enhancing energy 
effectiveness, and ensuring carbon neutrality before construction begins. In GBS, 
energy usage is calculated hourly using the DOE-2 simulation engine. The DOE-2 
program simulates an hourly building’s layout, construction, operating schedules,
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conditioning systems (lighting, HVAC, etc.), and utility rates, along with weather 
data, to estimate utility bills for the building on an hourly basis. 

1.4 Characteristics of Glass 

Solar Factor: The solar factor (or g-value) is a measurement of the amount of heat 
that passes through the glass. 

Shade Coefficient: The shading coefficient (SC) is a measurement of the heat uptake 
from solar radiation through glass. 

U-value: An insulating capacity of glass can be determined by its U value, which 
measures how well it can resist heat during high temperatures (excluding direct sun 
rays). 

Light Reflectance and Transmission: Glass allows light to pass through it. Reflec-
tion and absorption can alter the amount of light transmitted. The exterior wall is 
considered as a single glazing with the parameters mentioned in Table 1. 

2 Research Methodology 

Climate conditions were identified as a key factor that affects the energy performance 
of buildings, particularly those that use external facade glazing [7]. As shown in 
the flowchart of research methodology in Fig. 1, a case study research design was 
used to investigate the impact of window glazing materials on the life cycle energy 
performance of the Prestige Polygon building located in Chennai, India. Literature 
reviews and observations were conducted to collect data on sustainable building

Table 1 Parameters of glass used in the building 

Parameter Glass (ET125 clear cosmos) 

Solar factor 0.27 

SHGC 1.00 

U-value 1.18 BTU/h.ft2.oF 

Light transmission 34% 

External reflection 26% 

Internal reflection 9% 

Height 2.35 m for first floor to 13th floor, 4.60 m for ground floor 

Type External single glazing with 12 mm thickness 
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design and materials, as well as the existing building’s energy usage and the glazing 
materials used. Based on the data collected, the two best alternatives were identified. 

Identification of key factors affecting Building Energy Performance 

Identify Design Alternatives 

Climatic conditions Kinds of glazing 

Problem Identification 

Data Collection 

Architectural Data Engineering Data 

Create an energy model in Revit 

Base Case                   Design Alternative 1                  Design Alternative 2 

Perform Energy Simulation in GBS for Each Design Alternative 

Decision Analysis 

Single glazing Double Reflective low-e glazing Double Low e glazing 

Interpretation Analysis 

Evaluation of 
Life Cycle Energy 
Carbon Emissions 
Life Cycle Cost 

Fig. 1 Flowchart of life cycle energy analysis
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Table 2 The optical properties of the selected glass types 

Double reflective with low-e glazing Double low-e glazing 

Solar factor 0.15 0.17 

SHGC 0.39 0.42 

U-value (BTU/h. ft2.°F) 0.22 0.35 

Light transmission % 13 24 

External reflection % 28 20 

Internal reflection % 31 22 

3 Case Study 

According to Ramachandran et al. [6], Chennai produces greater greenhouse gas 
emissions and carbon dioxide equivalent per person. Chennai has a tropical wet 
and dry climate, also known as a tropical savanna climate. The city experiences 
high temperatures and relatively high humidity throughout the year, with an average 
annual temperature of around 28 °C (82°F). The study found that buildings with 
external facade glazing have a greater impact on their energy performance than 
buildings without it. It was discovered that a certain number of buildings consumed 
a significant amount of electricity, from which the Prestige Polygon building was 
selected. The building is located at latitude 13.042N and longitude 80.131E and has 
13 storey. The external façade of the building is made of Saint Gobain glass. Energy 
simulation is performed and compared by comparing the present glazing with the 
other two types of glazing and their parameters. Furthermore, a cost analysis is carried 
out on the building to determine which type of glass is most cost-effective to utilize. 

3.1 Design Alternatives 

Different cases are chosen for energy analysis in order to determine the maximum 
energy savings. By replacing the typical glass form of single glazing with other types 
of glass and by considering climatic conditions, two glazing are found to be more 
suitable [8], as shown in Table 2. The types of glazing considered are represented in 
Fig. 2.

3.2 Embodied Energy of the Building 

The components of a building consist of a variety of materials, only the building’s 
principal envelope components, such as facade glazing, walls, floors, and roof, are 
examined. The total embodied energy values of the multi-storey building are shown
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Polystyrene Roofing Insulation 

Case 1  Single glazing  RCC slab 

Case 3  Double Low-e glazing  

Case 2  Double Reflective low-e 

Polystyrene Roofing Insulation 

Fig. 2 Overview of three case studies

Table 3 The total embodied 
energy of the office building Building component Embodied energy (MJ) 

Wall 2,166,504.663 

Roof slab 3,221,267.35 

Floor slab 38,404,432.35 

Insulation 487,947.89 

Single glass 14,606,253.12 

Reflective low-e glass 21,964,150.24 

Low-e glass 22,316,343.47 

in Table 3. The data for energy content were taken from embodied and operational 
energy of urban residential buildings in India [8]. Embodied energy is the product 
of quantity of the building component and its embodied energy coefficients. 

3.3 Modelling Process in Revit 

The building data were obtained from the website Prestige Group, and it consists 
of the building’s plan and elevation features. The study has created a 3D model in 
Revit using this data. The construction and energy setting inputs are represented in 
Table 4. The total area of the building is 607,859 ft2, of which the building area is 
478,462 ft2.

Case 1 is performed using the exterior wall as a single glazing with the parameters 
as mentioned in Table 1. As it is an office building, the operating hours are 24/7. 
The HVAC system used is Central VAV, Electric Resistance Heat, Chiller 5.96 COP, 
which refers to a water-cooled centrifugal chiller having a coefficient of 5.96, and a 
high-efficiency motor, water pump is all included. Heating and cooling temperatures 
are supplied based on the city’s average temperatures.
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Table 4 Properties of the Revit-modelled building 

Building component Properties 

Construction Square footage 47,462 

Exterior wall Single glazing 

Interior wall Gypsum board/metal stud/gypsum board (R-21) 

Roof RCC slab 

Ceiling Acoustic ceiling tile (R-1.6) 

Space Office—70 ft2/head 
Lobby—120 ft2/head 

Energy settings Location Chennai, IN 

Building type Office 

Building operating schedule 24/7 

HVAC system Central VAV, electric resistance heat, chiller 5.96 
COP 

Thermostat set points Heating—31 °C, Cooling—22 °C 

Outdoor air per person 8.00 L/s 

Export category Spaces 

Project phase New construction 

Building service VAV-single duct 

Building infiltration class Medium 

Export default values Yes

3.4 Energy Model in Revit 

After creating a 3D model, it is analysed for energy optimization. Energy settings 
are critical for defining the building’s data. Figure 3 shows how to use the generate 
options to create an energy model as shown in Fig. 4. When the energy simulation 
is performed in energy plus software, other options such as optimizing and system 
analysis are used to export the model to Revit as a gbXML file. 

Fig.3 Energy settings in Revit
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Fig. 4 Energy model of 
prestige polygon building 

3.5 Energy Simulation in Green Building Studio (GBS) 

GBS is a free, user-friendly software. The creation of a project involves four steps: 
(1) Enter project details such as the project name, building type, and project type. (2) 
Indicate the building’s location using maps; (3) Accept the terms and conditions; and 
(4) Select the data access preference. Building properties, spaces, zones, surfaces, 
openings, and HVAC are all default values in the GBS. 

4 Results and Discussion 

4.1 Base Case—Single Clear Glazing 

The total floor area is 44,068 ft2. The number of people assumed on each floor is 
1650 people which is lower than typical value. The annual energy and life cycle 
cost of the building are calculated in energy simulation using GBS for yearly power 
consumption owing to heating equipment and cooling systems, lights, and other 
miscellaneous devices. The peak cooling month and hour is found to be May 2:00 
PM. It was suggested that using a period of 9-h ventilation will reduce the annual 
electric energy saving up to 8,844 kWh, and usage of photovoltaic potential will lead 
to a high annual energy savings of 967,835 kWh with total installed panel cost of 
Rs. 4,522,240. The results obtained for base case are represented in Fig. 5.
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Fig. 5 Energy and carbon results for single glazed building 

4.2 Design Alternative 1—Double Reflective with Low-e 
Glazing 

The first design alternative for base case is by replacing single clear glazing with 
double reflective with low-e glazing. The energy use intensity for double reflec-
tive low-e glazing is 65 kBtu/ft2/year, with electric consumption of 5,678,265 kWh 
and fuel consumption of 3,277 therms. It was suggested that using a period of 9-
h ventilation will reduce the annual electric energy saving up to 5453 kWh. The 
results obtained are represented in Fig. 6. The space cooling consumes more electric 
usage of nearly 28.4%, and exterior loads consume very less amount of electricity 
of approximately 0.6%.

The annual energy simulated of double glazed is 5,678,265 kWh which is 19.05% 
less than single glazed building, ultimately the life cycle energy is also 19.05% less 
than the base case. Hence, the cost of the electricity is 19.05% less than base case. 

4.3 Design Alternative 2—Double Low-e Glazing 

The second design alternative for base case is by replacing single clear glazing with 
double low-e glazing. The cost analysis shows that double low-e glazing has an
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Fig. 6 Energy and carbon results for double reflective with low-e glazed building

annual energy cost of $62,503,640 and a lifecycle cost of $851,299,574, which is 
higher than single clear glazing but provides better energy efficiency, resulting in 
lower energy consumption and CO2 emissions. The results are represented in Fig. 7.

The peak cooling month and hour is found to be May 2:00 PM. It was suggested 
that using a period of 9-h ventilation will reduce the annual electric energy saving up 
to 5488 kWh. The annual electric usage of HVAC and other miscellaneous equipment 
are represented in Fig. 8.

4.4 Carbon Emission Analysis 

Due to the magnitude of the possible risk posed by global environmental change, 
majority of construction projects under consideration are focused on this effect. 
Even though standards and laws are established to reduce carbon emissions from 
new constructions, the proportional importance of the consequences of the carbon 
footprint grows. The carbon emissions per year is represented in the below bar chart 
such that single glazing has more carbon emission, followed by double reflective 
with low-e glazing and with least emission by low-e because low-e films are more 
reflective by reflecting waves of infrared waves (Fig. 9).
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Fig.7 Energy and carbon results for double low-e glazed building

Double Reflective with Low-e Double Low-e 

Fig. 8 Energy end-use charts
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Fig. 9 Carbon emission of prestige polygon 

Table 5 Comparison of three case studies 

Single Double reflective with low-e Double low-e 

Life cycle energy (kW) × 106 210 0.45 170.34 170.45 

Carbon emission (MT) × 103 93.900 89.500 87.750 

Life cycle cost (crores) 105.10 85.07 85.13 

4.5 Comparison of Results 

The energy results, carbon emission results, and cost of the materials are compared 
for three different cases as below. The findings are primarily focused on choosing 
cost-effective glazing, glazing with a lower environmental impact, and glazing that 
saves energy (Table 5). 

5 Conclusion 

India has diverse climatic conditions, ranging from hot and dry to humid and tropical, 
which necessitates designing buildings to withstand various environmental condi-
tions. Buildings must withstand temperature, humidity, monsoons, wind, and solar 
radiation to ensure occupant comfort, health, and safety. Ignoring local climatic 
conditions during building construction can result in negative impacts, such as 
increased energy consumption, reduced indoor air quality, higher maintenance costs, 
and safety hazards.
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• In India, single glazing is commonly used for tropical monsoon climates, while 
double-pane glazing is suitable for tropical wet climates. Triple-pane glazing is 
ideal for Alpine climates, while low-e coatings work well for tropical semi-arid 
climates. Tinted or reflective glazing is suitable for arid climates, which have 
low humidity and high temperatures. These types of windows and coatings are 
designed to withstand different environmental conditions, including high temper-
atures, heavy rainfall, snowfall, and the sun’s rays, to ensure building occupant 
comfort and energy efficiency.

• The study conducted in Green Building Studio indicates that double reflective 
low-e and double low-e glazing systems have 19.05% and 19.00% lower life cycle 
energy consumption, respectively, than single glazing. This is due to the insulation 
provided by low-e coatings, which reduces energy needed for heating and cooling. 
The special coating in double reflective low-e and double low-e glazing reflects 
heat back into the building, resulting in lower energy use and improved thermal 
performance. The study emphasizes the importance of considering the life cycle 
energy consumption of building components in designing and constructing green 
buildings.

• The results of the carbon emission shows that the carbon emissions of double 
reflective low-e glazing are 4.69% lower than those of single glazing, while the 
carbon emissions of double low-e glazing are 6.55% lower than those of single 
glazing. This indicates that double reflective with low-e glazing has a lower impact 
on the environment compared to other two glazing. In terms of life cycle cost, 
the life cycle cost of double reflective low-e glazing is 19.05% lower than that of 
single glazing, while the life cycle cost of double low-e glazing is 19.00% lower 
than that of single glazing. The lower life cycle cost is likely due to reduced energy 
use and associated energy cost savings.

• Finally, the results of this study indicate that the use of double reflective low-e 
glazing can significantly improve the energy efficiency of buildings by reducing 
life cycle energy consumption, carbon emissions, and life cycle cost. The lower 
carbon emission and life cycle energy consumption make it a suitable choice for 
building construction and energy performance improvement. 
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Development of Framework 
for Achieving Optimum Thermal 
Insulation for Building Infrastructures 

Alekhya Chetty and Suchith Reddy Arukala 

1 Introduction 

1.1 General 

Building sectors utilize large amount of energy from its construction to end of its 
life. The International Energy Agency (IEA) estimates that there was a 92% increase 
in global energy use between 1971 and 2014. According to the United Nations 
Environment Program, buildings are responsible for 40% of all global energy use 
and more than 30% of global greenhouse gas emissions [1]. This high consumption of 
energy utilizes fossil fuels which results in the depletion of virgin materials. Material 
production results in harmful emissions and knocking down of building accounts 
in production of construction waste. Creating comfortable indoor environment by 
minimizing the consumption of energy has become challenging. The heat energy 
released from solar radiation is reached to the exterior walls by means of convection 
and radiation, and then this heat is transferred to the interior by means of conduction, 
finally this energy is circulated in the room by convection mechanism. 

There are two forms of heat related to the storage of thermal energy; they are 
sensible heat and latent heat. Sensible heat is the heat energy that a substance absorbs 
to change its temperature without altering its phase. The heat energy absorbed/ 
released during the transition of phase (solid to liquid (or) liquid to solid (or) liquid 
to vapour) of material by maintaining a constant temperature is known as latent heat.
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Buildings with adequate thermal insulation use less energy and have signifi-
cantly smaller systems. Thermal insulation can provide long-lasting thermal comfort 
without the need of mechanical air conditioning systems, especially in the off-season 
[2]. Buildings in cold cities may turn down the heat losses by using the right insu-
lation thickness and other energy-saving techniques, which reduces carbon dioxide 
emissions by 50% [3]. The quality of material possessing insulation property relies 
on its versatility to different climatic conditions. If properly chosen, the insulation 
material can also reduce the noise and can be fire-resistant [4]. 

The building envelopes account for 60–80% of the structure’s overall heat trans-
mission loss. In order to enhance interior air quality and lower building energy 
consumption, it is critical to increase the thermal efficiency of the building envelope, 
particularly the wall body. Numerous climatic conditions have led to the develop-
ment of wall energy conservation optimization, and in-depth assessment studies have 
to be published. Prior review studies on insulating materials for buildings, however, 
tended to place more emphasis on thermo-physical characteristics and less emphasis 
on other important features like energy embodied, embedded carbon, acoustic, hygro-
scopic, and flame resistant. Additionally, none of the preceding assessments looked 
at the effectiveness of these insulating materials in diverse climate zones. The various 
thermal, energy, environmental, and performance requirements of the available insu-
lating materials should therefore be studied. All types of materials may not be avail-
able in all climatic conditions, so available materials at that location must be made 
use of. 

Adopting MCDM techniques will assist to keep expenses to a minimum and 
prevent the usage of improper materials. MCDM provides a framework for choosing, 
classifying, and prioritizing materials as well as aiding in entire evaluation. It 
addresses the requirement for a numerate structure in the materials selection process 
[5]. 

The objective of this investigation is to create a theoretical framework for 
improving building energy efficiency while considering the ideal building insulation 
materials for India’s various climate zones by utilizing heat transfer mechanisms and 
select the optimum material that possess less effect to the environment, by applying 
MCDM techniques. 

1.2 Thermal Characteristics of Materials 

Thermal insulation creates obstruction to the flow of heat into the structure such that 
comfortable indoor environment can be created. Thermal performance of a building 
not only depends on the thermal conductivity and U-value but also on many properties 
such as material thickness, thermal mass, specific heat, thermal lag, position of the 
insulating material, material density, etc. 

Thermal conductivity (k): Thermal conductivity is the term used to describe a 
material’s capacity to conduct heat.
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The rate of heat transmission through conduction, perpendicular to a material’s unit 
cross-sectional area, is another way to quantify thermal conductivity. Using Fourier’s 
law, this may be compound. 

Q = −K A  
dt 

dx 
(1) 

where Q is the rate of heat flow (W ), k is the material’s thermal conductivity (W/ 
m K), A is the cross-sectional area (m2), dt is the sample’s temperature differential, 
and dx is the sample’s variation in thickness (m). The unit of measurement of thermal 
conductivity is W/m K. 

Thermal transmittance (U-value): The capacity of a material to conduct heat. It is 
the opposite of R-value. The measurement is in W/m2 K. 

Thermal resistance (R-value): It is the characteristic of a material to oppose the 
flow of heat. It is reliant on temperature as well as thickness of material. The unit of 
measurement is m2 K/W. 

Thermal mass: It is the capacity of a material to hold heat energy. The materials 
with high thermal mass delay the transfer of heat from one side of the material to 
other, thereby creating comfortable environment. 

Specific heat: The amount of heat energy necessary to increase the temperature of 
the mass by 1 °C. The unit of measurement is J/kg. °C. 

Thermal lag: The rate at which a material releases trapped heat is referred as its 
thermal lag. A material with high thermal mass and low thermal conductivity is said 
to possess large thermal lag. 

1.3 Application of Insulation Material in Building Envelope 

Large volumes of solar radiation reach the building envelope, to achieve desirable 
thermal comfort conditions; walls’ ability to store and transfer heat is crucial. An 
essential method of energy conservation in buildings is wall insulation. The building’s 
heating and cooling requirements might determine the choice of the wall thickness, 
materials used, and surface finishes. The main goal in a hot area is to decrease heat 
transfer into buildings; hence, proper thermal insulation and air spaces in walls are 
essential. 

Thermal insulation blocks: In these, available cement blocks or light weight blocks 
like AAC are insulated with polystyrene boards. These type of insulation saves the 
labour cost and are easy for inspection and handling. For existing beams and columns, 
separate insulation has to be provided.
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Insulation filled in cavity walls: In double-wall construction, insulation material of 
desired thickness like polystyrene, rock wool, etc., is inserted in the cavity between 
walls. The cavity walls should be water-proof. 

Walls with external thermal insulation: Insulating material like expanded 
polystyrene is attached to the surface of wall by means of a special mortar. This 
material is covered by a fibre-reinforced mesh and further protected by a thin layer 
of weather-resistant mortar/plaster. It provides protection without any joints, and 
hence, thermal bridging is eliminated. 

Insulation for interior walls: Insulating material such as expanded polystyrene or 
extruded polystyrene is attached to the inner walls and is covered by gypsum boards. 
It provides protection without any joints, and hence, thermal bridging is eliminated. 

2 Literature Review 

2.1 Parameters to Be Considered for Selection of Insulation 
Materials 

Selection of an insulation material does not depend upon a single criterion, various 
parameters such as location of building (climatic conditions), available insulation 
materials and their properties, type, and function of building, optimum thickness of 
the material are to be considered. 

Selection of appropriate insulation material. 
The building envelope, also referred to as the exterior facade, is made up of fenes-

tration and opaque systems. For instance, walls, roofs, slabs on grade, basement 
walls, and opaque doors are opaque components. Fenestration systems are made up 
of windows, skylights, ventilators, and doors with more than half of their surface 
area covered in glazing. The building’s envelope guards the residents and interiors 
from the elements and other external factors like noise and pollution. The inhabi-
tants’ aesthetic and thermal comfort, as well as the building’s energy usage, is all 
significantly influenced by the envelope design. The building’s climatic zone deter-
mines the requirements for the building envelope. The five climatic zones that the 
ECBC specifies have very different weather patterns as mentioned in Table 1. For  
each temperature zone, there are varied needs for thermal comfort in buildings, and 
the manner in which those requirements reflect physically in architectural design.
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Table 1 Classification of different climatic zones in India 

Climate 
region 

Typical temperature (°C) Mean relative 
humidnessSummer noon 

(high) 
Summer night 
(low) 

Winter noon 
(high) 

Winter night 
(low) 

Hot and dry 40–45 20–30 5–25 0–10 Very low 
25–40% 

Warm and 
humid 

30–35 25–30 25–30 20–25 High 70–90% 

Temperate 30–34 17–24 27–33 16–18 High 60–85% 

Cold (sunny/ 
cloudy) 

17–30 4–21 −7 to 8 −14 to 4 Low:10–50%, 
High:70–80% 

Composite 32–43 27–32 10–25 4–10 Varying dry 
periods = 
20–50%, 
Wet periods = 
50–95% 

(Source ECBC user guide, 2009 [6]) 

2.2 Location of Building 

Building type and Function: The pattern of building differs from one another based 
on their preferred usage. Every building type is categorized based on their level of 
occupancy, usage of operation energy, and thermal zoning. A building’s thermal 
performance is significantly influenced by the building envelope’s components. 
Based on the function of buildings (residential, commercial, industrial purposes), the 
energy consumption varies, and the comfort levels in a building have to be maintained 
without any variation in the indoor temperature regardless of the climate. 

Available insulation materials: The major insulation materials utilized nowadays 
for building walls are inorganic insulation materials and organic insulation materials. 
Inorganic thermal insulation materials have a high thermal conductivity and are non-
combustible, in contrast to organic thermal insulation materials that are flammable 
but have a low thermal conductivity. The selection of insulation material for any 
building type depends not only on thermal transmittance but also several factors like 
ease of construction, cost of material, safety, environmental impact, and availability 
of materials. 

The thermal conductivity of some of the insulating materials is taken from the litera-
ture and ECBC; their density, specific heat, vapour diffusion resistance, sound absorp-
tion coefficient, and response to fire are mentioned in Table.2. Regular insulating 
materials with low thermal conductivity can be installed to increase indoor comfort, 
but this also creates a heat island. A different method to improve the thermal mass of 
construction materials is to use latent heat storage materials. They possess a special
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capacity for storing latent heat through phase transitions and releasing heat during 
the transition at a practically constant temperature.

Thickness of insulation layer: Thermal insulation is crucial because it reduces the 
space conditioning demands when a structure needs mechanical air conditioning. 
The easiest way to link building energy use with external temperature is through the 
degree-day’s technique. In order to ensure thermal comfort and regulate interior air 
quality for inhabitants and industrial processes, the base temperature is a balancing 
point temperature at which mechanical systems should be turned on/off in accordance 
with outdoor temperature. The formula used to estimate cooling degree-days and 
heating degree-days is given by Amber [35]. The optimum thickness of the insulation 
layer is determined by the heat and cooling load on the building envelope and is given 
by Kaynakli [36] and Mahlia [37]. 

Energy Performance Index (Bureau of Energy Efficiency [38]): Energy Perfor-
mance Index (EPI) is the most important statistic for comparing the energy use 
of buildings. Consumption of energy annually (kWh) per building square meter is 
expressed as kWh/m2/year or kWh/person/year. 

EPI = Annual energy consumption in kWh 

Total built - up area (excluding basements unconditioned) 
(2) 

The rating for Dwelling units in different climatic zones of India is mentioned in 
BEE [38]. 

EPI ratio = EPI of building proposed 
EPI of a standard building 

. (3) 

3 Methodology 

Based on a thorough review of the body of published research, this section discusses 
the thermal, economical, environmental, hygroscopic, acoustic, and flame-resistant 
qualities and functionality of a variety of insulating materials. Environmental 
elements are critical for reducing CO2 emissions in the built environment, while 
thermal qualities are necessary for attaining financial and operational energy savings. 
The schematic flow chart of the present work is given in Fig. 1.

3.1 Performance of Different Insulating Materials 

Hygroscopic characteristics are essential for controlling the relative humidity inside 
in a humid environment. If it is necessary to keep a certain level of noise in a given
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Decide the appropriate function 

Building Climate Building type and Function 

Available insulation materials 

State-of-art Sustainable Conventional 

Inorganic Organic 

Aerogel, 
Closed cell foam,  

Vacuum 
insulation panels, 

Phase change 
materials (PCMs) 

Cellular: 
Foam 
glass 

Bio 
insulation 
materials: 

Agricultural 
waste, Sheep 

wool 

Fibrous: 
Glass 
wool 
Rock 
wool 

Fibrous: 
Cork 

Cellular: 
Cellulose, Expanded 

polystyrene, 
Extruded 

polystyrene, 
Polyisocyanurate, 

Polyurethane 

Properties of insulating materials 

Thermal properties: 
Thermal conductivity, 
Specific heat, Thermal 
mass, Density 

Performance Requirements: 
Fire Retarding, Acoustics, 

Hygroscopic properties. 

Energy: 
Life cycle 

operational energy, 
Embodied energy 

Environment: 
Operational carbon, 
Embodied carbon 

Application of 
insulation material 
in building 

Comparison of 
economic systems 
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Roofs 

Windows 

Exterior 
walls 

Interior 
walls 

Cavity 
walls 

Thickness of 
insulating material 

Cooling load 

Heating load 

EPI ratio 

Apply MCDM 

Choose the best 
alternative 

Fig. 1 Schematic flow chart of research methodology
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area, acoustic qualities are very crucial. For the building’s occupants to be safe in 
the case of a fire, the fire-retardant property is essential. 

Thermal properties: Two essential thermal properties of insulating materials are 
thermal conductivity and volumetric heat capacity. Ideal insulation materials should 
transmit heat through the envelope less than common construction materials by 
having a lower thermal conductivity. Thermal conductivity of a material can be calcu-
lated using steady-state methods and transient methods. The method to be chosen is 
based on the type of material used. 

The ability of a substance to store thermal energy is measured by its volumetric heat 
capacity; commonly referred to as thermal mass. A calorimeter is typically used to 
assess specific heat capacity. The American standard ASTM C1784-13 describes 
the Standard Test Method for Using a Heat Flow Meter Apparatus for Measuring 
Thermal Storage Properties. The density of material can be determined by dividing 
the mass of sample with its volume. 

Thermal comfort assessment: It is important to consider both energy consumption 
and overheating when designing buildings, especially in areas where heating is a 
major source of energy and where high levels of insulation are used to keep the 
winter heat within the structures. One method is to use overall operating energy 
consumption and the peak summer cooling energy demand as optimization criteria. 
When used properly, the thermal mass of buildings can also lower the need for 
temporary cooling. This theory claims that because sustainable insulation can hold 
more heat than other types of insulation, it might lower peak cooling needs and lower 
the chance of overheating. 

Incorporation of PCM in buildings is not feasible in warm and humid climatic zone. 
Better outcomes for cold and temperate regions come from PCM incorporation at 
the midst or the inner portion of the building envelopes [39]. 

Life cycle cost (LCC) performance: Total costs can be calculated by aggregating 
costs from the manufacturing (CM), construction (CC), operation (CO), and end-of-
life phases (CEOL), then subtracting benefits beyond the system boundary (BR). 

C = CM + Cc + Co + CEOL − BR (4) 

The whole cost of building materials, including the cost of insulation, and equal 
operating energy cost savings were taken into account for computing the LCCs. 
Therefore, it is challenging to independently compare the LCC of various insulating 
materials. 

Performance at operational levels and energy emissions: A functional unit (FU) 
which considers unit area (A) of an insulation panel with a thickness that provides 
unit thermal resistance (R) and a design life duration of 50 years as recommended 
by the European Commission is chosen in order to compare the performance of 
various insulation materials. This option enables a fairly homogeneous operational 
performance when comparing insulating materials. By dividing the operating energy
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consumption by the emission factor for the region in which the buildings are located, 
emissions were calculated. The many fuel sources that are used to produce energy 
have a big influence on emissions. As a result, in different temperature zones, it 
is impossible to draw a connection between wall thermal resistance and carbon 
emissions. Some of the software like TRNSYS®, EnergyPlusTM, DesignBuilder®, 
and Esp-r® may be used to evaluate PCM/insulation performance in buildings. 

Embodied carbon and embodied energy: Embodied energy is a unit of measure-
ment for a substance’s lifetime energy consumption (extraction, manufacture, trans-
portation, installation, and disposal), while embodied carbon refers to the emis-
sions that come from those processes. Compared to embodied energy, conventional 
buildings use greater operational energy. Today energy-effective and net-zero-energy 
structures require less operating energy than embedded energy, causing embodied 
energy to become a substantial component, as a result of the use of relatively 
energy-intensive environmentally friendly materials and equipment. Of all types of 
insulation, sustainable insulation offers the lowest embodied energy values. 

Life cycle environment performance: An organization’s environmental perfor-
mance is measured, examined, reported on, and communicated in accordance with 
standards established by management through a formal process known as environ-
mental performance evaluation (EPE). EPI, environmental management accounting 
(EMA), environmental management systems (EMS), life cycle analysis (LCA), and 
Eco-labelling are some of the tools and techniques utilized in EPE. 

Hygroscopic properties: The thermal efficiency of a material decreases by 7.5% for 
every 1% increase in moisture. Therefore, materials’ hygroscopic properties might 
affect indoor humidity, and it is crucial to understand them. They are beneficial in 
both damp environments with poor ventilation and hot, humid conditions. Water 
vapour diffusion resistance is an indicator of the material’s resistance to allow water 
vapour to pass through while taking the thickness of the material into account. It is 
a temperature-dependent, dimensionless material attribute. The ability of the insu-
lating material to control water vapour ingress over time increases with the diffusion 
resistance value. The gravimetric (dish) method is used to determine the water vapour 
transmission rate for sheet materials in accordance with ISO 2528. 

Acoustical qualities: Although the operational energy usage is unrelated to the 
acoustic properties of insulators, it is a crucial component of the quality of the interior 
environment. Acoustical insulators can improve indoor comfort by reducing the prop-
agation of noise through the building envelope. The sequential means of the sound 
absorbing coefficients at four frequencies 250, 500, 1000, and 2000 Hz are known as 
noise reduction coefficients (NRC). NRC is used to compare the acoustic properties 
of insulating materials. The effectiveness of a material’s ability to absorb sound is 
measured using the sound absorptivity (α). It is the ratio of absorbing to incident 
energy. If the acoustic energy is completely absorbed, then α = 1.The standing wave 
tube approach, the transfer function strategy, and the reverberation room technique 
are different methods used to measure sound absorptivity. Sonic tubes are used to 
carry out standing wave and transfer function approaches, and normal incident sound
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absorption coefficients are determined. For this small sample sizes are needed, and 
the procedures are inexpensive and simple to carry out. The absorption coefficients 
of a random incident are determined using the reverberation room technique. The 
results are fairly accurate despite not an easy measurement and large sample size. 

Fire-resistant properties: Buildings can experience accidental or purposeful fire 
hazards that endanger human life, cause property damage, and weaken the struc-
ture. To minimize the negative social and economic effects of fire dangers, fire 
safety measures must be implemented from the building’s preliminary design phase. 
According to the European standard BS EN 13,501-1, the materials are categorized 
from A (incombustible) to F (highly flammable) based on their combustibility. 

3.2 Multi-Criteria Decision-Making (MCDM) Technique. 

When choosing amongst options that are accessible and each described by several 
different (and sometimes competing) qualities, MCDM approaches are utilized. 
Some of the most popular MCDM techniques include TOPSIS, Analytical Hierarchy 
Process (AHP), and fuzzy logic-based methods, based on the problem; decision-
maker has to choose the suitable MCDM. The majority of MCDM are discrete, with 
a constrained set of predetermined possibilities. A matrix can be used to represent a 
MCDM scenario with finite possibilities. It contains criteria (material characteristics) 
Ci, various alternatives (materials) Ai, which decision-makers must pick, based on 
relative relevance of criteria (or weightings), and the elements of xij, is the evaluation 
of alternative i in relation to criterion j. A typical case of MCDM is shown in Table 3. 

In the given table A1 to A16 are the different material alternatives mentioned in 
Table 2, x11 to xnm could be qualitative and quantitative values of various alternatives. 
Depending on the needs of the user, the parameters under each of above-mentioned 
criteria have to be chosen. Based on the weightage obtained, appropriate material is 
identified and can be applied for a building in that particular zone.

Table 3 A typical decision-making matrix of MCDM challenge for building-based insulation 
material 

w1 w2 w3 w4 

Thermal property (C1) Performance 
requirements (C2) 

Energy (C3) Environment (C4) 

A1 x11 x12 x13 x14 

A2 x21 x22 x23 x24 

A3 x31 x32 x33 x34 

An xn1 xn2 xn3 xn4 
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4 Results and Discussions 

Installing thermal insulation in buildings has been accepted as an efficient way for 
achieving productive energy utilization. Selection of appropriate insulation material 
can lower the initial cost and operating cost throughout the building’s life. Building 
insulation is a technique for both energy conservation and lowering the greenhouse 
gas emissions that buildings produce. It has been noted that applying insulating 
material depends on the climatic conditions. In hot climates, exterior wall insulation 
is preferred as it prevents the entry of heat into the building envelope, whereas in 
cold climates, insulation is provided for interior walls so that heat does not escape 
from the interior. 

Installing of regular insulating materials with low thermal conductivity improves 
the comfort inside a building but a heat island is created. Latent heat storage materials, 
which is an alternative by which thermal mass of building material, can be increased. 
They possess a special capacity for storing latent heat through phase transitions and 
releasing heat during the transition at a practically constant temperature. 

In warmer climates, higher thermal capacity built structures with higher levels of 
comfort may be preferable to conventional buildings. On the other hand, structures 
with a lot of thermal mass in colder regions need more energy. 

Based on the building envelope’s heating and cooling load, this thickness can 
be determined. When the cost savings start to decline as insulation thickness is 
increased, the ideal thickness has been reached. Based on the building envelope’s 
heating and cooling load, this thickness can be determined. The choice of installing 
PCM/insulation material is heavily influenced by the kind of building, location site, 
climate patterns, ventilation potentials, and properties of the site-specific nature of 
PCM or insulation. Software like as DesignBuilder, TRNSYS, and EnergyPlus may 
be used to evaluate PCM/insulation performance in buildings. 

5 Conclusions 

The study undertaken the interaction of energy, environment, performance, and 
thermal characteristics of materials and utilized the MCDM techniques for the 
selection of best alternative by considering various attributes of insulation material. 

The following specific conclusions were observed to choose the materials 
required. 

The state-of-the-art materials have the lowest thermal conductivity value 
compared to other types. Reduced interior peak temperatures and reduced risk of 
overheating during the hot summer may be achieved with the help of sustainable 
insulating materials. Additionally, insulation at the inside of a structure should be 
used in temperate and cold regions, whereas insulation outdoors should be used in 
hot, dry, and warm-humid climates.
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To control interior relative humidness in a humid environment, to maintain a 
low noise level in a zone, and to offer safety in the event of flames, insulating 
materials must meet performance requirements such as hygroscopicity, acoustical, 
and firefighting properties. 

Installation of PCMs can mitigate the effects of airtight, highly insulated homes 
that raise the danger of overheating and in the location where heating is predomi-
nate, highest need for cooling will rise during the peak summer months. The phase 
change materials (PCM) in the middle or inner layer of building envelopes produced 
better outcomes for cold and temperate regions; it is often not advisable for warm-
humid climates. The thickness and volume of the insulating material, the price of 
the insulating material, and reduction of energy consumption and greenhouse gas 
emissions are the important elements that are to be carefully chosen in order to make 
the building’s thermal insulation a cost-effective operation. 

Thus, the developed framework helps the designers/decision-makers in choosing 
the finest insulating products for a climate zone according to the preferred 
requirements. 

6 Scope of Future Work 

1. Due to the low embedded energy utilization of sustainable insulating mate-
rials, they may be an excellent replacement for traditional insulation materials. 
However, because they are so highly flammable, more study is needed to enhance 
its fire-resistant qualities. 

2. Although hygroscopic materials successfully control indoor relative humidity, 
moisture build-up increases material heat conductivity, which might have an 
influence on prospective energy savings. As a result, it is necessary to analyse how 
hygroscopic materials perform thermally while taking indoor relative humidity 
and heat transmission through the envelope into account. 

3. For the developed framework, a case study can be performed to determine the 
given energy efficiency. 
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Designing a Virtual Twin for Structural 
Health Monitoring by Integrating BIM 
and Digital Twin Framework 

Karthik Dasari and Aaditya Dogra 

1 Introduction 

Maintaining complex structures requires to gather the parametric data in a scientific 
manner to assess the damage patterns. An efficient monitoring system by adopting 
emerging technologies which involve autonomous decision-making technique would 
aid the structures to fully function by continuously tracking their strength and 
integrity. Structure health monitoring (SHM) system needs to be taken seriously 
along with the integration of various smart techniques and methods that are essential 
for the maintenance and supervision of the functional value of the structure [1, 2]. 
Being successfully implemented over the decades, SHM have large amount of data 
that can be used to aid autonomous decision systems if the artificial intelligence (AI) 
can be introduced in monitoring the construction projects [3, 4]. Industry 4.0 aims to 
replace manual intervention in decision management by developing concepts such as 
digital twin (DT) which can create a digitalized maintenance system by assembling 
all the data from a physical system [5–7]. Therefore, the main focus of the present 
work is to develop a virtual twin (VT) concept by combining the DT framework 
with virtual 3D representation of the structural performance to visually manage the 
structure without being physically present at site. 

1.1 Virtual Twin 

Sensor technologies combined with IoT formed a basis for AI systems. The data 
gathered from the sensors particularly represent an essential structural element of
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a DT [8]. The physical world can be directly observed through a physical sensor, 
or it can fuse the data indirectly with more than one physical sensor, i.e. by virtual 
sensors. By processing the input data from multiple physical sensors, virtual sensors 
can assess and process the variables that may not be possible to measure physically 
themselves [9]. The VT of SHM refers to the method of data processing and extracting 
using BIM (building information modelling) combining with DT concept to obtain 
real-time visual monitoring and maintenance of civil infrastructure. DT enabled 
the opportunity for the integration of the physical world to the digital world; thus, 
it is an updated and precise digital representation of the physical structure’s data 
values. The visual data are stored in the computer for interactive display [10]. In 
SHM, these data are obtained by the sensors which are attached to the physical 
system to monitor the real-time information and condition. Three components make 
up a DT: (i) an entity that exists within the physical atmosphere (the real-world 
entity); (ii) an entity set in a virtual environment (the virtual counterpart); and (iii) 
providing a two-way connection system, namely a virtual-to-physical connection 
as well as a physical-to-virtual connection. VT is a 3D BIM model that involves 
DT framework and creates virtual interactions using BIM model, thereby creating a 
virtual communication between the physical entity (PE) and virtual entity (VE). A 
VT is the interactive virtual representation (virtual 3D model) of a physical object, 
whereas DT is a technical tool, which helps to find what is happening inside the 
structure. The changes in a PE get updated in its VE. Serving as a management tool, 
VT extends to aid in attending the maintenance of a structure to function for its 
designed life period and helps in predicting the future damages. 

2 Background 

Several digital tools were available that can frequently update the dynamic data but 
are not visually coordinated with spatial information. BIM is one such tool that can 
describe the attributes of hidden components and characteristics of digitization that 
could lead to effective solutions in SHM practices [11]. Digitally integrated SHM 
with BIM can be universally applicable to all construction projects. Damage detection 
and monitoring of structures are having a huge demand in terms of cost and time [12]. 
Besides conventional SHM practices, utilizing the BIM concepts is essential which 
focuses on entire life cycle of a construction project. Another emerging technology 
involving sensors has been active in the construction industry for continuous moni-
toring of structures by overcoming human-induced risks. BIM 3D models accurately 
monitor the structures with the help of sensor technology, thereby avoiding risks 
related to risky operations in the construction projects [13]. During SHM process, 
system generates large amount of monitoring data that can be utilized to predict 
the structural behaviour during the operation and avoid future incidents. Wireless 
communication technologies transferring the data over the internet using Internet of 
Things (IoT) along with real-time early warnings have become a fundamental field 
of research in SHM [14].
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3 VT  in  SHM  

The concept of VT will form a visual data agility for SHM practices to develop 
a virtually manageable system which can be achieved by integrating BIM and IoT 
concepts. VT controls both a physical and virtual representation of a physical system 
and its related processes. By exchanging the data between PE and VE, the informa-
tion will be continuously updated. This information is exchanged within an online 
connection system (CS) that comprises of sensors and actuators. PE refers to struc-
tural components and subsystems of structural assets in SHM. The functioning of 
such systems is compromised when they are subjected to external changes, whether 
they are environmental or artificial. It is these processes that are responsible for the 
external actions like loads, temperature, humidity, etc. that affect the structure as a 
whole. In contrast, the VE uses mathematical models to create a digital representa-
tion or idealization based on a set of mathematical functions or a data structure. As 
the PE behaves over the design life of the system, the VE is updated accordingly. To 
access the health monitoring of a structure, VE offers a stage to perform risk assess-
ment, predict future damages and examine remaining useful life which autonomously 
enables in-time decision-making. The conceptualization of VT in SHM is shown in 
Fig. 1. 

Fig. 1 Conceptualization of the virtual twin. Virtual twin is a concept of management of virtual 
simulation and some autonomous system. Abbreviations used; SHM: structural health monitoring, 
IoT: Internet of Things, VME: virtual management entity, BIM: building information modelling, 
DGN: application of diagnosis, PROB: probability (Bayesian learning inference) between PE and 
VE, AI: use of artificial intelligence, UQ: provides uncertainty qualification, PHM: application of 
prognostics, DSS: decision support system, ADM: autonomous decision-making
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4 VT Framework for SHM 

4.1 Mathematical Representation 

The performance of a physical structure represented in the form of a mathematical 
understanding is signified by available dimensional vector s(t) ∈ D ⊂ Rns at time 
t, and environmental vector e(t) ∈ Rne , where ns and ne represent the data values. 
To measure the state s(t) at a time t, measurement through sensors s(t) = d(e, w), 
where d : Rne × Rnw → D is expressed. Here, nw is input vector for measuring the 
error. On the other hand, the virtual representation of the performance of a structure 
is referred as ŝ ∈ μ ⊂ Rns . This representation is shown by a model m, and therefore, 
ŝ = m(θ,  u, e), where m : Rnθ ×R

nu ×R
ne → Rns . This means that model m depends 

on the uncertain model parameter nθ , including model input parameters u and e where 
θ ∈ Rnθ and u ∈ Rnu . Finally, the model m is based on physical laws where it can 
be built from the PE data or can also be built from a combination of both PE and 
VE data sources. From the above concept, DT of a structure can be mathematically 
depicted by C, whereas C ⊂ μ × D. Mathematical representation of DT is shown as 

m(θ,  u, e)
︸ ︷︷ ︸

ŝ 

C S↔ d(e, w)
︸ ︷︷ ︸

s 

, (1) 

where↔ symbol represents the exchange of information between virtual and physical 
entities performance s. Therefore, s ∈ C which is modelled by CS. 

4.2 Model Prediction Analysis 

The VE model m(θ,  u, e) requires a periodical update with regard to the PE states s 
through monitoring system. The updating of model will vary based upon either the 
physical performance or historical data. A Bayesian approach is used in analysing 
the model. There will be an issue by updating the model with the data received 
from sensors, since there exists some parameters cannot be concluded. With the 
physically observed data D, the uncertain parameters θ and μ will be updated using 
Bayes’ theorem as follows, 

p(θ |D, μ) = 
p(D|θ,  μ)p(θ |μ) 

p(D|μ) 
, (2) 

where p(θ |D,μ) represents the posterior probability of θ and μ. The information 
p(D|θ,μ) is the posterior probability function using Bayesian approach, and p(D|μ) 
is actual proof of physically gathered data. In the DT framework, the virtual model 
μ is given by m(θ,  u, e), and a possibility model chosen for the w determines the
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posterior probability function. It can be noted that from the model-based method of 
autonomous context, the prior probability not only gives the uncertain parameters 
but also aids in decision-making amongst PE and VE. In fact, the prior probability 
approach shows the acceptable modelled states s ∈ μ of VE to forecast the observed 
output s ∈ D in PE to make better decision-making with greater acceptance of the 
data. 

4.3 Petri Nets for Autonomous Decision-Making 

Petri nets (PNs) are basically a type of graphical programming language, and it 
is a bipartite graph used to model the functionality or behaviour of a system. The 
concept of the PNs in the present work has been limited to derive the workflow for 
DT part. PN structure is comprised of nodes, places and transitions. The direction of 
connection between places and transitions is shown by arcs. Data or values are stored 
in a place for the purpose of archiving them. As a circle in PN, a place represents 
a modelled state. This is similar to a structural member that has been damaged or a 
routine activity that has been inspected. Lines, box or rectangle represents the PNs 
transitions in which lines denote event/process and permit the model move to another 
state from its previous state. Places are temporarily visited by token; tokens are the 
values that can circulate through the graph. During execution at a particular time, 
tokens circulate over PN are known as marking. Arcs can be assigned with weights 
(multiplicity), a non-negative integer. If weight is not specified for an arc, it defaults 
to 1. The firing rule dictates when a token is added to output by removing a token 
from input place. In some cases, like whenever there are at least one token in all input 
places of transition, it can fire to represent changes in the marking. The mathematical 
representation of a PN is as follows,

� � (P, T, I, O, M0, W), (3) 

where P indicates the set of np places, and T indicates nt transition. I and O are the 
input and output places matrix (np × nt). M0 is a marking vector which is derived 
by the following equation: 

Mk+1 = Mk + AT uk . (4) 

Here, uk denotes firing vector during execution at time k. A ∈ Nnt×np indicates the 
matrix occurred from the graph. In order to obtain the elements of the graph, the 
backward matrix must be subtracted from the forward matrix. Therefore, 

A = A+ − A− = a+ 
i j  − a− 

i j  , 

where i = 1 to  nt , j = 1 to  np. At time  k, if a transition ti is activated and according to 
the firing rule ui,k = Ii, where Ii = 1, if  Mk( j ) ≥ a− 

i j∀p j ∈ Pti , else  Ii = 0. In the
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Eq. 4, Mk( j ) ∈ N is a marking vector at k, for  Pj and Pti indicates the places that are 
related to ti, i = 1 to  nt . There also exist other PNs, i.e. high-level Petri nets (HLPN), 
where we can understand the tokens and arcs in more flexible manner. HLPN applies 
extra algebraic conditions in firing transitions with regard to certain DT parameters 
such as input, environmental, model and data values. In HLPN, the rule for firing is 
stated as follows, 

s.ui,k = Ii.ICi , where, 

ICi =
{

1 i f  Ci = true 
0, otherwise 

(5) 

Since Ci = Ci(θ, D) is a true/false variable, a transition ti can only be fired upon 
activation, i.e. Ii = 1, and therefore, Ci will become true. There are some rubrics that 
summarizes HLPN processes for the present study. During firing of transition, all 
the tokens will be taken from their respective places and the same number of tokens 
will be produced in the output place. Transition would only activate when there is 
at least one token in all input places of transition. The transition ti fires only when 
the transition condition Ci = true. Then, the transition ti eliminates a− 

i j  from pj by 
adding a+ 

i j  for each jth place. 

4.4 Integrating Sensing and Communication Technologies 

As stated earlier, VT is a combination of sensor information appraised through DT 
model and visual presentation using BIM model. For this, combination of various 
tools and techniques such as smart sensors, communication modules and software 
was involved to develop an autonomous decision process. The autonomous system 
is achieved by integrating IoT technology that could enable a direct communica-
tion amongst the machines by evading the human intervention. For this to achieve, 
the physical system which is attached to the structure requires to be monitored 
for its performance states and thereby generating huge data through the sensing 
network. There are various protocols and standards implement for the hassle-free 
data exchange amongst several devices involved in the process. The overall design 
of the VT is split into four key parts as shown in Fig. 2: Microcontrollers and micro-
processors, control sensors and actuators, communication channels (wired or wireless 
media, protocols and standards) and computing services, which include an API web 
interface on the front end and data analysis, data storage and IoT applications on the 
back end. Lastly, a data visualization system is modelled (e.g. BIM).
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Fig. 2 Representation of VT process in four key parts concerning the technology integration 

4.5 Sensing Network 

In sensing network, the parameter data of a PE are gathered by smart sensors 
converting the physical state into a signal form. These smart sensors include actuators 
which turns the received signals into real physical affects, and the actions are trig-
gered as per the command received. Microcontrollers/microprocessors are used to 
process the digital signals to convert them into useful information. Type and number 
of sensors to be used depend on what structural parameters to be analysed for moni-
toring. A wide variety of sensors are available which can be embedded inside or 
placed outside of the structures in the SHM practices. 

4.6 Data Transmission and Communication 

Data communication amongst the smart devices in the present work is done by 
implementing IoT sensors to perform the data exchange in the VT process. The 
present VT process utilises Wi-fi network for encrypted data communication amongst 
PE and VE. Further, this process uses google cloud for allowing the data to exchange 
between PE and VE, and HTTP is used for responding to the data requests from VE. 
These both transmission protocols run over TCP/IP connection standards. Smart 
sensors were tagged with regard to their IP address through HTTP for facilitating 
their communication with an unique identification. The Python-based kernel hosts 
these services, which communicate with the database as shown in Fig. 3.

4.7 Integrating BIM Concept to Develop a Virtual 
Management Tool 

BIM encompasses a variety of software such as AutoCAD, Revit and Navisworks. In 
this experiment, we used Autodesk Revit for simulation purposes. In order to create 
a digital version of the structural member in accordance with BIM standards, it was 
decided to use a generic model from the software families and modify it according 
to the physical model in terms of its properties and dimensions.
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Fig. 3 Proposed VT integration process in which communication features were marked in pink

A 3D model of the project is created with Revit software, which is then used to 
create a virtual sensor. Using Dynamo, the virtual sensor is then linked to the phys-
ical sensor data, which is analysed and made decisions in the DT framework using 
CAD data. The response to the DT gathered data was added to the object categories in 
Dynamo as the input data for creating the virtual sensor. In Revit, Dynamo is a graph-
ical programming tool that can be used to create a design. Information related to DT 
from Google Sheets linked to Dynamo through BIMOne. The Dynamo tool operates 
on the basis of connecting the required nodes. Nodes perform operations when they 
are linked to each other according to the function parameters. The programming of 
dynamo is done in two stages: In the first stage of the programming process, data 
input is connected to dynamo, and in the second stage, the data are connected to the 
BIM model.
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5 Case Study 

Laboratory experiment on a small-scale model is prepared to visualize the deforma-
tion of a structure in the VT environment. As part of the test model, a two-storey 
portal frame with fixed supports and rigid joints was used. A horizontal force (F5x) 
is applied to node 5 of the frame as shown in Fig. 4. Structure integrity scenario 
is idealized depending upon the force applied, which activates the alarm when the 
applied force F5x is higher than the predefined threshold value. Structures’ elastic 
displacements are measured and modelled to determine the DT model. Mathemati-
cally, s(e, w) = [six, siy, siz], whereas s(θ, u, e) = [six, siy, siz], where i indicates 1–6. 
In the present case study, joint 4 of the physical structure is considered for measuring 
the displacement by an ultrasound sensor. Therefore, s = [0, 0, – , (s4x, –, –), –, –], and 
the error vector is set to [10−4] sensitivity relating to distance measurement in metres. 
Based on these values, Bayesian inference classifies the likelihood function as Gaus-
sian PDF. There are a total of Ns = 5 × 104 simulations in this Bayesian inference 
module, which implements Metropolis–Hastings on a Bayesian basis. Additionally, 
a Gaussian PDF distribution is used to calculate the acceptance rate whose standard 
deviation falls within the recommended range [0.2, 0.4]. According to the beam 
element frame model, the VE joint displacement ŝ is calculated as follows: 

ŝ(θ,  u, e) = [K ]−1 [F(θ )]T , (6) 

where F(θ ) = 

⎡ 

⎣ F1, F2, 0, 0, 

⎧ 
⎨ 

⎩ F5x
︸︷︷︸

θ 

, 0, 0 

⎫ 
⎬ 

⎭ , 0 

⎤ 

⎦. 

F(θ ) is a vector of applied forces and moments to the physical frame model. 
In this case, this is initially an unknown vector and is represented by a θ (a model 
parameter). An interval of 0.1–5 obtained by uniform PDF is used to determine the 
model parameter θ. This interval represents possible value of the referred force in

Fig. 4 Portal frame 
(laboratory model) 
connected with smart devices 
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[N], namely U[0.1, 5] [N]. In this case, F1 represents the forces, whilst F2 represents 
the moments both applied to joints 1 and 2. Since these joints are fixed, their values 
are not necessary. The displacements and rotations of these objects are therefore zero. 
From the Eq. 6, the elastic matrix of a portal frame with fixed joints is represented 
by the stiffness matrix [K] of size 18  × 18, where [K] = [Kij], i, j = 1–6. 

Kij values depend upon the input variables [both material (E, A, I) and geometrical 
(u = L1, L2, L3)]. These input variables are shown in Fig. 4. Moment of inertia and 
Young’s modulus of the material is given as I = 10–9 [m4] and E = 9 × 108 [N/m2], 
respectively. Lastly, in this case study, environmental variables such as temperature 
and humidity were not considered in relation to structural response, thus e = ∅ =  0. 

In the case study, a test frame is set up to monitor its physical parameters using 
smart devices, one ultrasonic sensor S1 attached to the frame at node 4, and one relay 
A1 as shown in Fig. For the transformation of data, Arduino UNO (microcontroller) 
and IoT module ESP-8266 are connected to sensor. The data acquired from the sensor 
are sent to a cloud through the internet, and in turn, the data are linked to Dynamo 
BIM creating a VT environment. Thus, a VT communication platform is developed 
by linking the DT and virtual visualization though IoT. 

Figure 5 is an illustration of the workflow process to perform autonomous deci-
sions regarding integrity of structure. For the purpose of data collection, analysis and 
system rearm, the concept of HLPN was adopted which comprises of eight places (p1 
to p8), seven transitions (t1 to t7) and two cold transitions ( 1). The places represent 
system states for visual interpretation, such as ‘new data arrival’, ‘adjusted/updated’ 
and ‘indicates warning’ within the HLPN graphs that are shown in Fig with different 
colour text labels. The blue text labels represent the information about the place p6 
and one of the cold transitions. As transitions t1 to t7 fire, states of the DT system 
change, resulting in the number of automated actions. Some of these transitions are 
conditional transitions, i.e. provided with some conditions for firing. Each transition 
is described, and the actions associated with it are shown in Table 1. Transitions t1, t5 
and t6 are based on the conditions C1, C5 and C6, respectively, and the third column 
of the below-mentioned table lists its algebraic predicates. The transitions will only 
activate if respective conditions Ci, i = 1, 5, 7 are fulfilled.

HLPN processes can be summarized as follows. Initially, the system is consid-
ered to start at time k = 0, where the new data from sensor S1 should be received. 
Here, it was assumed to update the VE by the data gathered from PE and is 
represented by tokens p1 and p4. Thus, initial marking of the PN is given as 
M0 = (1, 0, 0, 1, 0, 0, 0, 0)T . When t4 is fired, the token is eliminated from place p1 
to be produced at place p5. Hence, the autonomous decision system (DT) is able to 
identify the PE that is being subjected to an unknown force and needs to determine 
the force to update the VE. As a result of transitions t1 and t5, a decision is made 
based on the conditions C1 and C5. The mismatch evaluation provides the following 
criteria for enabling them: 

J = ‖s4x − s̃4x‖
s̃4x 

, (7)
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Fig. 5 HLPN model (dark rectangular shapes represent transitions, and circles represent places) 

Table 1 HLPN transition. T3 shows time for the VE to process the Bayesian model 

Transition Type Conditions Description 

t1 Conditional C1: {j ≥ 0.1} Checks for mismatches 

t2 Thematic – Activate BIP 

t3 Event timed Enable after τ3 BIP execution 

t4 Thematic – Establish VE–PE mismatch 

t5 Conditional C5: {j < 0.1} Checks for mismatches 

t6 Conditional C6: {mean (F5x) ≥ F)} Analyses the inferred force 

t7 Thematic – Actuator is activated

where s4x is horizontal displacement measured from PE at node 4 and s̃4x is earlier 
noticed value upon Bayesian inference, being at k = 0, s̃4x = 0. Therefore, t1 is 
fired when measured force value varies by greater than 10% as compared to previous 
recorded value and the DT performs structure inference updating. The workflow 
sequence is represented as {p2, t2, p3, t3}, which generate one token at p4 and the 
system get in ‘adjusted/updated’ else t5 would directly fire and produce one token 
to p4. Here, PE to VE Bayesian updates are not required for the DT system. Despite 
the system being ‘adjusted/updated’, it remains as it was previously.
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Fig. 6 Workflow cycle for 
the proposed twin model 

According to the HLPN graph, the system is in an ‘adjusted/updated’ state, indi-
cating that P4 has been marked. In order to determine whether the inferred force 
exceeds threshold F, a comparison is made between the values. If so, transition t6 
is triggered. When the inferred force is greater as compared to threshold force F, 
the structure integrity is compromised. A series of warning states and actions by 
nodes {p7, t7, p8} are then activated by this transition. The system is set to ‘indicate 
warning’, and a visual alarm is activated. As the cold transition ( 1) takes place, the 
system is rearmed to receive new data. As a result, the warning indication is discarded 
until it can be re-evaluated or discarded. As soon as the system enters into a warning 
indication, a token is generated in P6 that acts as a buffer for information which can 
be analysed and monitored. Using this method, we can obtain valuable information 
when a structure having above threshold force F. 

For the case study, the whole workflow cycle is categorized into three phases as 
shown in Fig. 6. This is the continuous process of the monitoring system, and this 
cycle continues for every new data generated. 

5.1 Results and Discussion 

In the test frame, node 5 of the smart device is loaded with a series of loads after the 
smart devices are activated. This results in a number of structural integrity scenarios 
being analysed. The workflow model was tested with 15 load cases, and DT behaviour
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was controlled with HLPN as explained in Fig. 5. Based on the applied and inferred 
forces, Fig. 6 illustrates the behaviour of a DT. A force/pressure sensor is fixed to 
the test frame to measure the applied force at node 5. In this manner, only visual 
validation is possible from the inferred values. A description of how DT responded 
to the test loads is given in Table 2. Furthermore, Tables 3 and 4 provide results of 
the behaviour of HLPN for test cases 1 and 12. 

Table 2 Test structure at node 4: measured and inferred DT variables for 15 load cases 

LCs MF (N) INF (N) S4x (mm) j ≥ 10% Warning 

1 2.30 2.08 46 Yes Yes 

2 2.12 2.08 44 No Yes 

3 1.14 0.98 23 Yes No 

4 0.64 0.85 14 Yes No 

5 1.04 1.07 21 Yes No 

6 1.13 1.07 23 No No 

7 1.02 0.87 20 Yes No 

8 1.21 0.9 26 Yes No 

9 1.00 0.9 18 Yes No 

10 0.94 1.14 18 No No 

11 1.13 1.04 24 Yes No 

12 1.10 1.04 20 Yes No 

13 1.89 1.51 33 Yes No 

14 0.90 1.31 17 Yes No 

15 0.80 0.86 16 No No 

Table 3 PN workflow model events and actions under LC 1 

State (k) Marking vector (Mk) Firing vector (uk) Events PN interpretation 

0 [1, 0, 0, 1, 0, 0, 0, 0]T 0, 0, 0, 1, 0, 0, 0 New value observed PN workflow 
begins 

1 [0, 0, 0, 0, 1, 0, 0, 0]T 1, 0, 0, 0, 0, 0, 0 C1 (true) Update check for 
VE and PE (true) 

2 [0, 1, 0, 0, 0, 0, 0, 0]T 0, 1, 0, 0, 0, 0, 0 Update is required BIP inferred 

3 [0, 0, 1, 0, 0, 0, 0, 0]T 0, 0, 1, 0, 0, 0, 0 Run BIP VE updating from 
PE 

4 [0, 0, 0, 2, 0, 0, 0, 0]T 0, 0, 0, 0, 0, 1, 0 C6 (true) F5x ≥ F → (true) 
(adjusted/updated) 

5 [0, 0, 0, 1, 0, 1, 1, 0]T 0, 0, 0, 0, 0, 0, 1 Action required Activates actuator 
A1 

6 [0, 0, 0, 1, 0, 1, 0, 1]T 0, 0, 0, 0, 0, 0, 0 Indicates warning New data arrival 
(rearm)
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Table 4 PN workflow model events and actions under LC 12 

State (k) Marking vector (Mk) Firing vector (uk) Events PN interpretation 

0 [1, 0, 0, 1, 0, 2, 0, 0]T 0, 0, 0, 1, 0, 0, 0 New value observed A PN is initiated 

1 [0, 0, 0, 0, 2, 2, 0, 0]T 1, 0, 0, 0, 0, 0, 0 C1 (true) Update check for VE 
and PE (true) 

2 [0, 1, 0, 0, 0, 2, 0, 0]T 0, 1, 0, 0, 0, 0, 0 Requires updating Invoke BIP 

3 [0, 0, 1, 0, 0, 2, 0, 0]T 0, 0, 1, 0, 0, 0, 0 Run BIP Update of VE based 
on PE 

4 [0, 0, 0, 2, 0, 2, 0, 0]T 0, 0, 0, 0, 0, 0, 0 – System rearm; 
awaiting new data 

Table 3 shows observations for load case 1. Since k = 1 and condition C1 are true, 
the transition t1 is fired. Following the firing, one token is produced at position p2, 
and Bayesian inference is performed. Once this is completed, the DT system will 
have two tokens placed in place p4. Updated system produces higher inferred forces 
than threshold force F = 1.8 N. 

After updating the system, the inferred force turns out to be higher than the 
threshold force F = 1.8 N. At time  k = 4, transition t6 occurs, and the warning 
sequence along with actuators is activated. For load case 12, the deflection at node 
4 exceeds 10% of the previous measurement. Hence, DT needs to update VE by the 
inferred force in relation to PE. Workflow model waits for new data before continuing 
when the inferred force is less than the threshold value. 

From these results, it is evident that the proposed DT model is capable of 
responding to sensor data in an efficient and effective manner. In this way, VE is 
updated according to PE’s behaviour. This study has shown that actuators can affect 
the PE based on the VE’s information. In addition to this, the case study studied also 
showed that HLPN acts as a workflow model for DT systems in order to provide 
effective management of interactions between the VE and PE. Finally, this DT is 
linked to Dynamo through cloud to visually update the structural parameters in the 
3D BIM model. 

6 Conclusion 

The VT concept has been designed in a way that will assist in monitoring the current 
state of structures in the future. It was through the implementation of a proof of 
concept of a laboratory model using BIM, and IoT sensors that we get a first-hand 
glimpse of how to use a VT to remotely control SHM practices. In this way, appro-
priate measures can be taken in time to avoid accidents occurring in the future. By 
utilizing IoT and BIM data, VT makes it easier for the management to identify any 
critical condition for users and structures before it becomes a problem. This will 
allow them to take action earlier before any damage occurs. As part of this research,



Designing a Virtual Twin for Structural Health Monitoring … 277

three technologies are integrated: BIM, SHM, and IoT, in order to present a set of 
structural health warning systems based on BIM model. The system can be summed 
up in five main functions that it provides: data visualization for monitoring, visual 
representation of structural components, location of risks and disasters, detection and 
control of on-site alarms automatically. It is important to assure that data are always 
up to date and stable by automating data acquisition and transmission. In addition, 
data mining should be enhanced with more intelligent algorithms and improve intel-
ligence management. BIM model and monitoring data should be uploaded to a large 
cloud database, and background computations can also be done in the cloud server, 
which can save you a lot of time and help you better guide engineering applications. 
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Impact of Inhibiting Factors 
on the Efficiency of Precast Construction 
Projects Using Kendall’s Concordance 
Method 

Sloka Gampa and Sri Kalyana Rama Jyosyula 

1 Introduction 

Concrete is considered an integral material in construction throughout the world, 
with it being used in a variety of projects. This includes projects for roads, build-
ings, or even canals, proving its versatility. The reason for this is because of its 
many pros, ranging from its ability to withstand different severe weather to general 
deterioration. Specifically, we can explore precast concrete, which has the advan-
tage of lower costs and overall better quality, especially its durability. The present 
study seeks to analyze the impact of the inhibiting factors of precast construction 
projects. A survey was carried out by collecting the responses from the reputed precast 
construction industries in the southern part of India. The process of precast construc-
tion involves the creation of standardized structural components in a factory setting, 
which are later transported to the construction site for assembly. These elements, 
including walls, beams, floors, columns, and slabs, are commonly produced off-site. 
In a survey conducted by Skrzypczak [1], investors, architects, and contractors were 
asked about their opinions on precast structures. The results showed that investors 
focused primarily on implementation time, while architects placed greater impor-
tance on quality and technical specifications. In another study, Asamoah et al. [2] 
compared the cost of cast-in-place and precast concrete structures, with construction 
professionals expressing a preference for precast construction due to its lower life 
cycle costs and material wastage. Meanwhile, Tushar et al. [3] evaluated the envi-
ronmental and economic impact of precast buildings and found that precast tech-
nology had better results in terms of greenhouse gas emissions and thermal perfor-
mance during the production phase. To achieve a sustainable solution in construction,
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the use of precast technology will achieve high-quality construction with reduced 
resource consumption such as cost and time during construction Wu et al. [4]. It 
was found that, on an average, the profitability of the structure of around 5–10% 
was achieved by replacing the conventional method with precast concrete method. 
Peng et al. [5] evaluated the thermodynamic and acoustic performance of precast 
composite wall panels using principles of heat transmission and acoustics. They 
applied the thermal conductivity equivalence method to determine the panels’ thermal 
conductivity formula, concluding that it could be accurately calculated through this 
approach. Agrawal et al. [6] presented the differences between conventional construc-
tion and precast construction subjected to gravity and lateral loads. It is observed that 
the precast construction has shown better performance. Zhang et al. [7] proposed a 
novel approach to constructing large-span underground vaults using a combination 
of precast and cast-in-situ techniques. Through engineering practices and compu-
tational analysis, it was found that this combined method offers several significant 
advantages over the traditional cast-in-situ method alone. These benefits include a 
reduction in construction time by 50%, as well as the production of a high-quality 
fair-faced concrete surface and superior finishing. Albero et al. [8] aimed to develop 
an economical slab structure design that incorporated fire-resistant requirements 
and considered all available manufacturing technologies. The findings indicated that 
conventional designs were insufficient when factoring in the fire-resistant constraint, 
while the precast hollow core slab design was shown to be significantly impacted 
by this requirement. Waroonkun and Koojaroenpaisan [9] presented an article on 
the analysis of a conceptual model that considers the multiple factors that affect the 
efficiency of the precast process. It was done by statistical evaluation and regres-
sion analysis. Pradeep et al. (August 2014) concluded from their study that the 
precast construction is superior due to its quality pre-designing and prefabrication, 
lightweight, and economical construction. Li et al. [10] calculated the carbon foot-
print for precast concrete pile construction. It was concluded that the LCA of the 
overall project increased with the use of precast concrete for construction. 

2 Methodology 

The study gathered data on inhibiting factors through the literature review, interper-
sonal interviews, and on-site visits. The research team analyzed multiple factors to 
compile Table 1, which presents a list of 23 factors that were evaluated to determine 
their impact on precast construction projects.

Using the 23 factors identified, the research team created a questionnaire to assess 
professionals’ level of agreement regarding the benefits of using precast concrete. 
These questions were distributed to several companies who work on precast projects. 
The survey was taken by civil engineers, design engineers, quality engineers, struc-
tural engineers, and other employees in the precast construction project. These profes-
sionals had top rate each of the factors alongside precast construction, 1–5; 1 being 
the least impactful and 5 the most impactful. A total of 115 responses were collected.



Impact of Inhibiting Factors on the Efficiency of Precast Construction … 281

Table 1 Factors chosen to 
analyze the efficiency of 
precast construction 

Factors 

High quality 

Fast construction 

Less wastage 

Large floor slabs possible 

Improves handling ability 

Dimensional accuracy 

Extremely good fair-faced concrete finish 

Mechanization and mass production 

Walls with insulation possible 

Ease of construction 

Better health and safety standards 

Economical for large and repetitive projects 

Longer life and durability 

Lower life cycle cost 

Reduction of on-site labor 

Reduction of on-site noise, disturbance, and activity 

Acoustic insulation 

Enables use of pre-tensioning techniques 

Strength 

Fire resistance 

UV sensitivity 

Chemical resistance 

Weather resistance

The study employed the relative importance index (RII) to rank the advantages 
of precast concrete based on feedback from professionals involved in the selected 
projects. RII values were utilized to determine the relative significance of each factor 
compared to others within the same category. The formula used to calculate RII was 
given below. 

Relative important index (RII) = ∑
W/AN , wherein W represents the weights 

given by the respondents to each variable ranging from 1 to 5, A represents the 
maximum weight with 5 being the highest in this study, and N represents the total 
number of samples.
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3 Results and Discussion 

Table 1, which was ranked using the relative importance index, indicated that rapid 
construction and high-quality fair-faced concrete finishes were the primary advan-
tages of precast concrete products, while space for acoustic insulation was deemed 
least important by professionals. The study also used Kendall’s concordance anal-
ysis to assess the level of agreement among building professionals regarding the 
advantages of precast concrete, based on the significant inhibiting factors identified. 
The analysis produced Kendall’s concordance coefficient, denoted as k, and Table 2 
presents the degree of agreement among different professions on the benefits of 
precast concrete.

(We assumed that 4–5 ranking as very important and took those under consider-
ation.) 

From Table 3, grand mean
  ͜

R= ∑
RI = 11.74, mean of ranking = RI , number 

of professionals = 4, n = number of factors ranked = 23, [(RI −
  ͜

R)2] average = 
96.8814, W = 96.8814/[23(23^2–1)/12]

96.8814/1012 = 0.095 
W = 0.095. 

Irrespective of the number of rankings, the value of W falls between 0 and 1. A 
value closer to 1 indicates a strong level of agreement among the ranking sets. 

To test the significance of W at a 95% confidence level, a hypothesis test was 
conducted. The null hypothesis (H0) states that the set of rankings by civil engineers, 
quality engineers, design engineers, and structural engineers were unrelated. The 
alternative hypothesis (H1) suggests that the set of rankings were related. A chi-
square distribution was used to determine the significance of W, and the observed 
chi-square value was calculated using λ2 = k(n − 1)W, where k is the number of 
groups being compared, which was 4 in this case. The critical chi-square value was 
obtained from a statistical table at (k − 1) degrees of freedom. If the calculated 
chi-square value exceeded the critical value from the table, then the null hypothesis 
would be rejected, and the alternative hypothesis would be accepted. 

If the value of W is significantly high, it indicates that the kth respondents have 
used similar standards in rating the nth aspect of the problem being studied. To 
interpret the data, the ratings were classified as very important (1–3), important 
(4–7), marginally important (8–11), and not important (12–14). 

λ2 = 4(23–1)0.095 = 8.36. 

From the chi-square distribution tables, critical value = 13.28 for DOF(k) = 4. 
The calculated λ2 value of 13.28 is greater than the critical value of 8.36, leading 

to the rejection of the null hypothesis H0 and acceptance of the alternative hypothesis 
H1, indicating a strong agreement among civil engineers, quality engineers, design 
engineers, and structural engineers regarding the benefits of using precast concrete 
suspended slabs and columns.
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Table 2 Ranking for various factors 

Questions 1 2 3 4 5 Total W Mean AN W /AN Ranking 

High quality 0 1 7 28 67 103 470 4.5631 115 4.0869 5 

Fast construction 0 0 0 24 79 103 491 4.7669 115 4.2695 1 

Less wastage 0 2 8 25 68 103 468 4.5436 115 4.0695 6 

Large floor spans 
possible 

0 0 14 19 70 103 468 4.5436 115 4.0695 6 

Improves 
handling ability 

0 5 24 37 37 103 415 4.0291 115 3.6086 17 

Dimensional 
accuracy 

0 0 8 63 32 103 436 4.2330 115 3.7913 11 

Extremely good 
fair-faced 
concrete finish 

0 0 0 24 79 103 491 4.7669 115 4.2695 1 

Mechanization 
and mass 
production 

0 0 3 26 74 103 483 4.6893 115 4.2 3 

Walls with 
insulation 
possible 

0 21 4 49 29 103 395 3.8349 115 3.4347 21 

Ease of 
construction 

0 3 0 23 77 103 483 4.6893 115 4.2 3 

Better health and 
safety standards 

0 0 27 30 46 103 431 4.1844 115 3.7478 12 

Economical for 
large and 
repetition 
projects 

0 3 14 23 63 103 455 4.4174 115 3.9565 9 

Longer life and 
durability 

0 2 25 46 30 103 413 4.0097 115 3.5913 18 

Low life cycle 
cost 

0 1 12 66 24 103 422 4.0970 115 3.6695 14 

Reduction of 
on-site labor 

0 2 12 20 69 103 465 4.5145 115 4.0434 8 

Reduction of 
on-site noise, 
disturbance, and 
activity 

0 12 13 33 45 103 420 4.0776 115 3.6521 15 

Acoustic 
insulation 

0 32 17 26 28 103 354 3.4368 115 3.0782 23 

Enables use of 
pre-tensioning 
techniques 

0 11 13 52 27 103 404 3.9223 115 3.5130 19 

Strength 0 0 16 37 50 103 446 4.3300 115 3.8782 10 

Fire resistance 0 1 23 41 38 103 425 4.1262 115 3.6956 13

(continued)



284 S. Gampa and S. K. R. Jyosyula

Table 2 (continued)

Questions 1 2 3 4 5 Total W Mean AN W /AN Ranking

UV sensitivity 0 1 40 34 28 103 398 3.8640 115 3.4608 20 

Chemical 
resistance 

0 2 44 40 17 103 381 3.6990 115 3.3130 22 

Weather 
resistance 

0 10 8 52 33 103 417 4.0485 115 3.6260 16 

W = [(RI − R)2]/ [n (n2 − 1)/12] → Kendall’s coefficient of concordance

According to Kendall’s concordance analysis, fast construction, extremely good 
fair-faced concrete finish, mechanization and mass production, ease of construction, 
and high quality were identified as the key advantages of using precast concrete. 

4 Conclusion 

The research findings suggest that civil engineers, quality engineers, design engi-
neers, and structural engineers agree on the benefits of using precast concrete struc-
tural elements, with fast construction, extremely good fair-faced concrete finish, 
mechanization and mass production, ease of construction, and high quality being the 
key advantages. Continual study on the advantages and process of precast construc-
tion in south India will aid in the establishment of precast construction projects. 
The value of W, which measures the degree of agreement between the set of rank-
ings, is 0.095 approx. to 0.01, indicating good agreement. The inhibiting factors 
listed and sent as a questionnaire were highly agreed upon and were found to be 
effective factors in precast construction projects. The major advantage of precast 
construction is its high real quality, which is ensured by standardized production 
methods and advanced quality control. Consistency throughout the production cycle 
enables development and customization according to customers’ needs, emphasizing 
the interdependence of production and consumption. The quality of the final product 
depends primarily on the design method, quality of input materials, workmanship, 
and production technology, which can be easily achieved with precast construction.



Impact of Inhibiting Factors on the Efficiency of Precast Construction … 285

Table 3 Overall ranking for various factors based on their total score 

Advantages CE DE QE SE SoR NoF MoR 
(R1) 

R^ R1 − 
R^ 

[(R1 − 
R^)]2 

OR 

High quality 39 9 10 37 95 4 23.75 11.74 12.01 144.2401 5 

Fast 
construction 

42 9 10 42 103 4 25.75 11.74 14.01 196.2801 1 

Less wastage 37 7 10 39 93 4 23.25 11.74 11.51 132.4801 6 

Large floor 
spans possible 

36 8 9 36 89 4 22.25 11.74 10.51 110.4601 8 

Improves 
handling ability 

31 7 7 30 75 4 18.75 11.74 7.01 49.1401 19 

Dimensional 
accuracy 

38 9 10 38 95 4 23.75 11.74 12.01 144.2401 3 

Extremely 
good fair-faced 
concrete finish 

42 9 10 42 103 4 25.75 11.74 14.01 196.2801 1 

Mechanization 
and mass 
production 

41 9 10 40 100 4 25 11.74 13.26 175.8276 3 

Walls with 
insulation 
possible 

32 7 7 32 78 4 19.5 11.74 7.76 60.2176 15 

Ease of 
construction 

41 9 10 40 100 4 25 11.74 13.26 175.8276 3 

Better health 
and safety 
standards 

32 7 6 31 76 4 19 11.74 7.26 52.7076 17 

Economical for 
large and 
repetition 
projects 

35 8 9 34 86 4 21.5 11.74 9.76 95.2576 11 

Longer life and 
durability 

31 7 7 31 76 4 19 11.74 7.26 52.7076 17 

Low life cycle 
cost 

36 9 10 35 90 4 22.5 11.74 10.76 115.7776 7 

Reduction of 
on-site labor 

34 8 9 38 89 4 22.25 11.74 10.51 110.4601 8 

Reduction of 
on-site noise, 
disturbance, 
and activity 

32 7 7 32 78 4 19.5 11.74 7.76 60.2176 15 

Acoustic 
insulation 

23 5 4 24 56 4 14 11.74 2.26 5.1076 22 

Enables use of 
pre-tensioning 
techniques 

33 7 7 32 79 4 19.75 11.74 8.01 64.1601 14

(continued)
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Table 3 (continued)

Advantages CE DE QE SE SoR NoF MoR
(R1)

R^ R1 −
R^

[(R1 −
R^)]2

OR

Strength 36 8 9 34 87 4 21.75 11.74 10.01 100.2001 10 

Fire resistance 33 8 8 31 80 4 20 11.74 8.26 68.2276 13 

UV sensitivity 26 6 5 25 62 4 15.5 11.74 3.76 14.1376 20 

Chemical 
resistance 

26 6 5 22 59 4 14.75 11.74 3.01 9.0601 21 

Weather 
resistance 

36 8 9 33 86 4 21.5 11.74 9.76 95.2576 11 

CE civil engineer, DE design engineer, QE quality engineer, SE structural engineers, SoR sum of 
ranking, NoF number of factors, MoR mean of ranking, OR overall ranking
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Evaluating the Performance of Precast 
Concrete Components 
for the Application in Low-Cost Housing 

N. R. Dakshina Murthy, T. Vasudeva Rao, K. J. Rao, B. Sridhar, 
and Simhadri Raju 

1 Introduction 

The three basic needs of mankind are food, clothing, and housing. India has been 
fruitful in fulfilling the food and clothing requirements for the massive population 
but has yet to fulfil the housing need effectively. Regarding population, India stands 
second in the world, and the demand for housing is increasing continuously. The 
scenario of people moving to urban India is expanding at a rapid rate due to indus-
trialization. The failure to create adequate housing and basic services to fulfil the 
needs of metropolitan areas has led in the growth of slums and unlawful settlements. 
According to the report of the Ministry of Housing and Urban Poverty’s technical 
group on Urban Housing Shortage (2012–17), there is a shortage of approximately 
19 million house units in India, with 96% belonging to the economically weaker 
sections (EWS) and the lower income group (LIG). The Housing for All programme, 
launched by the Indian government in 2015, aimed to provide the basic housing needs 
of disadvantaged urban residents by constructing 22 million dwellings by 2022.
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To fulfil this, there is a need to develop large-scale affordable housing in India. The 
workforce shortage and increased price of building materials have raised the pressure 
on developers to provide an affordable buildings for all. To take advantage of mass 
housing, new construction technologies must deliver homes quickly with minimal 
labour and zero waste of materials, which conventional construction methods failed 
to do. 

Utilizing innovative building practices, such as precast concrete construction, 
helped alleviate the housing crisis during the Second World War, particularly in 
Europe. Precast concrete construction is a building technology in which components 
are built off-site on an assembly line using sophisticated tools and equipment and 
then delivered to the construction site and assembled using building cranes. This kind 
of building is known as “precast concrete construction”. Precast concrete construc-
tion has evolved into a more versatile building technology for the past half century. 
Today, this form of construction is utilized in a wide variety of construction and 
infrastructure projects worldwide. Although precast construction has substantially 
risen in the last decade, it forms only a small percentage of the total construction 
market. This is mainly because of the general reluctance of stakeholders to adopt 
non-conventional construction methods. Over the last five decades, precast concrete 
construction has evolved into flexible building techniques employed in numerous 
construction projects and building projects worldwide. Precast concrete offers several 
potential advantages over an on-site building. Precast concrete manufacturing is done 
on the ground level, which helps in project safety. A precast factory controls material 
quality and workmanship more than a cast-in-situ construction. 

Precast concrete buildings have emerged as a viable alternative to traditional 
building methods. The construction industry has successfully combined precast 
concrete components with cast-in-situ concrete parts for ten years. A proper combi-
nation of precast and cast-in-situ structural parts is developed to fulfil quality and 
cost-effectiveness criteria. Compared to cast-in-situ construction, the combination 
allows infrastructure projects to reach better efficiency whilst maintaining quality 
control. By relying heavily on precast construction, on-site activities will be dras-
tically reduced, resulting in a safer and cleaner working environment. However, it 
is important to have a good appreciation and encouragement from the client as it 
comes under cleaner production in management compared to conventional construc-
tion. The important criteria influencing the effective adoption of precast construc-
tion techniques include planning and understanding the close links between precast 
concrete component design, construction, detailing, execution, and manufacture. 

The landscape of India’s infrastructure business has shifted dramatically in recent 
years. Large initiatives such as townships, mass housing, and IT parks are now more 
frequent than two decades ago. They will only increase dramatically in the following 
years. The majority of such projects are still constructed utilizing traditional methods. 
As a result, the inherent benefits of these projects in terms of repetition and high-
volume turnover must yet be explored. Seema et al. [1] concluded from their study 
that precast concrete technology, now known as an unconventional method in the 
Indian context, can provide both speed and quality of construction whilst also being 
beneficial for large-scale projects in terms of volume turnover and recurrences. The
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benefits of this precast technology may be fully realized in mass housing projects 
that include small, compact dwellings in significant quantities. 

Rinkesh and Neeraj [2] discussed in detail the advantages and disadvantages of 
conventional methods of construction and precast construction and concluded that 
there was a cost difference between these methods, where the conventional method 
was economical and suitable for individual houses and precast construction will 
be apt for a large group of houses, where there is a labour shortage. Giovanni and 
Gennaro [3] evaluated the seismic capacity of the precast building by using the 
pushover analysis method. 

They concluded that the available ductility of such industrial structures was more 
than the required one in a medium seismicity zone. In some circumstances, when 
the beam–column connection strength must be evaluated first, the proper evaluation 
is needed to determine seismic capacity. Yuka et al. [4] summarized the parameters, 
such as the type of concrete and the thickness of the lateral groove, which plays 
an important role in the strength of the precast structural elements. Chiara et al. [5] 
discussed the development of fragility functions using fundamental mathematics of 
RC precast industrial buildings in Italy. These are useful in estimating the loss of 
strength in seismic performance evaluation. The beam–column joint was explicitly 
included in creating the fragility curves because it plays an essential role (i.e. weak 
beam–column connection), which has been the primary cause of the collapse in 
previous seismic occurrences. Sára et al. [6] concluded that precast structures are 
superior to conventional ones from an environmental point of view. 

All over the globe, the demand for precast is continuously increasing as it is 
eco-friendly, time-saving, and superior in quality control. When combined with 
prestressing methods, the precast techniques will yield good results. They can be 
adapted for a wide range of applications in civil engineering, such as buildings, 
parking structures, and bridges. In this experimental investigation, the performance 
of precast concrete elements was evaluated for the effective utilization of precast 
construction for low-cost housing. 

2 Materials and Experimental Program 

The smart-built prefab factory provided the materials used for manufacturing the 
precast elements, and the details of the same are given in the below sections. 

2.1 Material Properties 

Cement. Ordinary Portland cement of 53 grade confirming to IS: 269-2015 was 
used, and the physical properties of the cement are given in Table 1.

Aggregates. Crushed granite, which was locally available, was used as coarse 
aggregate, and river sand from the nearby river source was used as fine aggregate.
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Table 1 Physical properties 
of cement S. No Properties Test results 

1 Standard consistency (%) 34 

2 Specific gravity 3.13 

3 Initial setting time (Min.) 145 

4 Fineness of cement (%) 5

Table 2 Physical properties 
of coarse aggregates Properties Test results 

Specific gravity 2.65 

Bulk density (kg/m3) 1430 

Fineness modulus 6.7 

Table 3 Physical properties 
of fine aggregates Properties Test Results 

Specific gravity 2.6 

Bulk density (kg/m3) 1453 

Fineness modulus 2.59 

The physical properties of coarse and fine aggregates are given in Tables 2 and 3, 
respectively. 

2.2 Experimental Program 

The different precast elements which were supplied by the smart-built prefab factory 
that were considered in the experimental program were precast wall panels, precast 
beams, precast columns, precast column posts, and precast soak pit. 

Three precast wall panel elements were tested under flexure to evaluate the flex-
ural strength. The precast wall panels of size 2 m in length, 300 mm in depth, and 
50 mm in thickness were considered. The grade of the concrete was M25. Uniformly 
distributed loads were applied on the wall panels, roof elements, and the deflections 
were recorded at various levels. The test set-up for the same is shown in Fig. 1.

The beam specimens were tested under flexure using uniformly distributed load to 
evaluate the flexural capacity, which was shown in Fig. 2. The precast beam elements 
of 2 m length with a cross section of 150 mm × 150 mm were considered, and the 
grade of the concrete was M25 grade. The beam was provided with 4 bars of 8 mm 
diameter and stirrups of 4 mm diameter.

The identical precast beams were also tested as columns in the vertical position 
in UTM of capacity 100 tons. For testing the column under axial compression, the
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Fig. 1 Flexural testing of precast roofing sheets

Fig. 2 Flexural testing of precast beam elements

height of the column was considered as 1 m so that it could fit in the UTM machine, 
as shown in Fig. 3. The axial load-carrying capacity was calculated.

The precast members were also used as column posts for compound walls. These 
posts were generally subjected to wind loads. Typically, 1 m of the column will be 
buried into the ground, and 2 m length will act as a post above the ground level. The 
total moment developed due to wind loads was calculated. The beam was tested as 
a cantilever beam using a CTM of 200 tons capacity as shown in Fig. 4. One  metre  
length of the beam was inserted between the two cross heads and fixed tightly. The 
load was applied with a hydraulic jack at the free end, which is 2 m in length. The 
deflections were recorded for different loads.
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Fig. 3 Uniaxial compression of precast column elements

Fig. 4 Moment on a precast column 

Another precast element, the precast soak pit, was tested for stability. The soak 
pits were fabricated using curved precast concrete panels connected by riveting, as 
shown in Fig. 5. Four small panels were connected circularly and riveted together to 
form a soak pit. The diameter of the soak pit was 1 and 1.2 m in height. Weep holes 
were provided at the bottom to release the pressure. The soak pits were buried in the 
ground and generally filled with soil. Wastewater pipelines will be connected to the 
soak pit. Wastewater coming out from the houses will directly enter the soak pit under
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Fig. 5 Testing of soak pit 

the ground, solid wastes will be distributed into the soil, and water percolates into 
soil layers through weep holes. Thus, the soak pit will be subjected to hoop tension 
from inside and compressive stresses from outside soil surrounding the periphery. 
For testing purposes, the soak pit was kept on the ground by tightening the rivets, as 
shown in Fig. 5. The soak pit was filled with sand and stone dust from the inside to 
create hoop tension. The rivets were observed for intactness. Then, the soak pit with 
sand and stone dust was filled with water for saturation. The water was continuously 
filled till water escaped from weep holes. 

3 Results and Discussion 

This section deals with the results of this experimental study, followed by a 
discussion. 

3.1 Precast Wall Elements 

The flexural strength of precast wall panel elements was calculated by subjecting the 
elements under flexure. Three precast wall panel elements were tested under flexure 
to evaluate the flexural strength. The ultimate and working stress of the three panels 
is given in Table 4. From the table, it can be understood that the precast wall panels 
exhibit better resistance under flexure.
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Table 4 Flexural strength of precast wall panels 

S. No Panel 
designation 

Size of 
the 
panel 
(m.) 

Self 
wt. 
(kN/ 
m) 

Ultimate 
load (kN/ 
m) 

Ultimate 
stress 
(kN/m2) 

Service 
load 
(kN/m) 

Working 
stress 
(kN/m2) 

Deflection 
at ultimate 
load (mm) 

1 A1 2.13 × 
0.3 × 
0.05 

0.345 3.26 10.8 2.17 7.23 16 

2 A2 2.13 × 
0.3 × 
0.05 

0.345 3.42 11.4 2.28 7.6 15 

3 A3 2.13 × 
0.3 × 
0.05 

0.345 3.36 11.2 2.24 7.46 15 

3.2 Precast Beam and Column Elements 

The flexural strength of precast beam elements was calculated by subjecting the 
elements under flexure. The deflections were within the allowable limit. The weight, 
dimension, area, failure load, and compressive strength of the precast column 
elements of different sections are given in Table 5. Amongst all the sectional elements, 
section I exhibited better compressive strength, and it further increased with an 
increase in the grade of the concrete. The foam concrete performed satisfactorily for 
the strength-to-weight ratio. 

Table 5 Compressive load test on a column 

S. No Designation 
of the 
specimen 

Wt. of the 
specimen 
(kg) 

Dimensions 
L × B × D 
(m) 

Size of 
the 
groove in 
the 
column 
(mm) 

Area of 
the 
column 
face 
(mm2) 

Load at 
failure 
(T) 

Compressive 
strength (N/ 
mm2) 

1 M20 I 
section 

26.2 0.83 × 0.15 
× 0.15 

55 × 35 
× 2 sides  

18,650 27.1 14.25 

2 M20 L 
section 

30.84 0.83 × 0.15 
× 0.15 

55 × 35 
× 2 sides  

18,650 26.0 13.67 

3 M30 I 
section 

35.12 0.81 × 0.15 
× 0.15 

55 × 35 
× 2 sides  

18,650 27.4 14.40 

4 Form 
concrete 

7.62 0.82 × 0.15 
× 0.15 

55 × 35 
× 2 sides  

18,650 8.20 4.30
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3.3 Precast Column Post 

The precast column posts were generally subjected to wind loads (See Fig. 6). Typi-
cally, 1 m of a column will be buried into the ground, and 2 m length will act as a post 
above the ground level. The portion above the ground level will serve as a cantilever 
portion subjected to a uniformly distributed load. When wind acts on the wall panel, 
which are directly inserted in the grooves of columns, the effect was considered, and 
the same was transferred onto the column post as point loads at levels all over the 
height at regular interval of 300 mm. The moment was calculated by multiplying the 
load by the free length of the cantilever beam, which is 2 m. 

Calculation of moment on the column post 
Wind speed 
Vz = Vb * K1 * K2 * K3 

Vb = 44 m/s 
Considering category:4 highly spaced obstruction (Hyd) 
K1 = 1.0, K2 = 0.8 and K3 = 1.0 
Vz = 44  * 1 * 1 * 0.8  = 35.2 m/s 
Pz = Design wind pressure 
Pz = 0.6 * Vz 

2 = 0.6 * 35.2 * 35.2

Fig. 6 Representation of 
wind loads on precast 
column post
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Table 6 Moment carrying capacity of precast concrete column post 

S. No Designation 
of the 
specimen 

Wt. of the 
specimen 
(kg) 

Dimensions 
L × B × D 
(m) 

Cantilever 
portion 
length (m) 

Designed 
moment 
(kN m) 

Load at 
failure 
(kN) 

Ultimate 
moment 
(kN m) 

1 Column 1 26.2 2.43 × 0.15 
× 0.15 

1.82 2.8 2.81 5.14 

Pz = 743.42 N/m2 = 0.743 kN/m2

Load on each panel @ 0.3 m = 2 * 0.3 * 0.743  = 0.448 kN 
Moment = 0.448 * (1.8 + 1.5 + 1.2 + 0.9 + 0.6 + 0.3) = 2.8 kN m 
Ultimate moment = 2.81 * 1.82 = 5.14 kN m > 2.8 kN m. 

From Table 6, the moment carrying capacity of the precast column post was more 
than the moment estimated against wind loads. Therefore, the precast column post 
was safe. 

3.4 Precast Roofing Elements 

The experimental results of precast roofing elements 8 mm thick and 12 mm thick 
were given in Tables 7 and 8, respectively. 

Table 7 Experimental results for roofing element (8 mm thick) 

S. No Load (kg) Dial gauge readings Load (kN) UDL/Area 
(kN/m2)1 2 Average Deflection 

(mm) 

1 42 11 3 7 0.07 0.411 0.122 

2 81 19 5 12 0.12 0.803 0.239 

3 122.2 21 6 13.5 0.135 1.212 0.361 

4 159.2 25 9 17 0.17 1.577 0.470 

5 198.8 26 10 18 0.18 1.969 0.587 

6 237.2 31 12 21.5 0.215 2.326 0.694 

7 271.2 40 12 26 0.26 2.65 0.791 

8 311.3 40 15 27.5 0.275 3.05 0.910 

9 346.7 42 16 29 0.29 3.397 1.014 

10 411.5 46 26 36 0.36 4.036 1.204 

11 475 52 30 41 0.41 4.659 1.390 

12 523 59 40 49.5 0.495 5.013 1.496
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Table 8 Experimental results for roofing element (12 mm thick) 

S. No Load (kg) Dial gauge readings Load 
(kN) 

UDL/Area 
(kN/m2)1 2 Average Deflection 

(mm) 

1 52 15 9 12 0.12 0.51 0.152 

2 97.4 19.5 15 17.25 0.1725 0.95 0.283 

3 125 22 18 20 0.20 1.22 0.364 

4 170.25 27 23 25 0.25 1.67 0.498 

5 200.25 30 26 28 0.28 1.96 0.585 

6 238 36 30 33 0.33 2.33 0.695 

7 275.1 39 33 36 0.36 2.69 0.802 

8 315.75 45 37 41 0.41 3.09 0.922 

9 358.25 48 42 45 0.45 3.51 1.047 

10 430.6 58 50 54 0.54 4.22 1.259 

11 507.1 67 58 62.5 0.625 4.97 1.483 

12 577.9 76 66 71 0.71 5.66 1.689 

13 650.05 85 72 78.5 0.785 6.37 1.901 

14 723.05 93 80 86.5 0.865 7.09 2.116 

15 796.4 99 86 92.5 0.925 7.81 2.331 

16 872.7 107 95 101 1.01 8.56 2.555 

17 946.7 115 105 110 1.10 9.27 2.767 

3.5 Precast Soak Pit (Results) 

The riveted connection between the precast panels was observed, and any rivets were 
loosened. It is observed that the rivets were intact even under saturated condition 
subjecting the soak pit to hoop stress indicating precast panel elements were fit to 
use as a soak pit. 

4 Conclusions 

1. Precast construction is very suitable for rural housing with cost-effectiveness. 
2. Roofing elements with textile reinforcement have shown better performance. 
3. The precast element for column post is effective in resisting wind loads and, 

therefore, can be used for long-run compound walls. 
4. Instead of going for cast-in-situ conventional concrete, precast elements like soak 

pits and column posts are convenient and suitable for handling and usage. 
5. For a developing country like India, precast technology is one of the best practical 

construction methods.
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Implementation of Base-Isolation 
Technique in the Design of Mega 
Hospital Building 

P. Sivasubramanian, M. Manimaran, and U. P. Vijay 

1 Introduction 

In recent times, seismic design of hospital building structures has become very critical 
for structural damage control. Traditional design primarily focuses on the energy 
dissipation from yielding of structural members. This causes severe localized damage 
in few areas and prevents the structure from being used for immediate operation after 
earthquake. 

Increasing the stiffness of the building by increasing member size or by adding 
shear walls will be typically necessary for strength and often is done to regulate the 
building’s response to seismic events. In high seismic zones, increasing the member 
sizes has an additional drawback since it increases the building mass and leads to 
higher base shear. In such a situation, increasing damping rather than stiffness is 
a better approach. The purpose of using isolator is to increase the damping of the 
structure when it is subjected to lateral loads and to decrease the total structural 
response.
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2 Building Profile 

The building considered for this study is a hospital building, located in Zone 5, 
consisting of basement, ground + 9 floors. The building plan size at ground level is 
175 × 85 m. The total height of the building is 41 m above ground level. Columns 
are spaced at 8.5 × 7.35 m center to center as shown in Fig. 1 and the building 
3D view is shown in Fig. 2. Pile foundation system is used as per the geotechnical 
recommendations. Hospital buildings are considered with ordinary moment resisting 
frame with ‘R’ value of 1 as per ASCE recommendation. 

Fig. 1 Floor plan of building at ground level 

Fig. 2 Three-dimensional analytical model from ETABS
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Fig. 3 LRB isolator in pedestal (left image) and site view (right image) 

Beams and columns are modeled as frame elements, and above-ground RC walls 
are modeled as shell components. At each floor level, the slab is assigned as a rigid 
diaphragm. With the aid of the column pedestals, isolators are installed at the bottom 
of the ground floor beams as shown in Fig. 3. 

3 Analysis of Structure with Isolated Building 

The design and analysis of the base-isolated building procedure are explained through 
flow chart as given below.
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3.1 Isolation System Design 

Isolation system combines of Lead Rubber Bearing (LRB) isolator and Pot slider. The 
system is designed to take care of vertical load as well as lateral movement during 
earthquake. Lead Rubber Bearing (LRB) isolators are made of rubber laminated 
shim plates with lead core at the center. The Pot sliders have an elastomeric pad 
with sliding plate on the top. Yield stiffness (Kd) and characteristic strength (Qd) of  
isolators are calculated based on the ASCE 7-16 codal recommendation. 

Kd = (AeG)/Tr , Qd = π/4D2 
p 

where Ae–Net bonded area of rubber, G-Shear modulus, Tr–Total height of rubber, 
Dp–Diameter of lead. The isolation system shall be designed and checked for 3 
different LRB stiffness property cases. i.e., Upper bound, Nominal bound, and Lower 
bound cases. These stiffness properties are governed by Lambda (λ) factor and it is 
calculated based on the data of large set from previous projects over the year. Based 
on the seismic weight, lateral movement, and restoring forces, number of isolators/ 
sliders for each group is finalized in the hospital building. The properties of isolator/ 
slider are calculated based on the group effect and it is given as input in ETABS for 
nonlinear analysis. Figure 4 shows the input given in ETABS for LRB isolator.

The hysteresis loop (Force–Displacement curve) is plotted based on the formula 
given below. 

F = Qd + KdΔ

where Δ is the displacement of the system (Fig. 5; Table 1).
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Fig. 4 LRB properties in ETABS

Fig. 5 Sectional view of 770LRB170 

Table 1 Geometric properties of LRB 

Name Dia (mm) Height (mm) Rubber layer thk (mm) Lead plug Dia (mm) 

770LRB170 770 370 10 170 

920LRB170 920 370 10 170 

1020LRB170 1020 370 10 170
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3.2 Time History Analysis Application 

Seismic design parameters are considered from IS1983:2016 & ASCE 7-2016 for 
analysis and design of the isolation system and the structure. The parameters are 
given in Table 2. 

Characterization of ten ground motion records compatible with the ‘RESPONSE 
SPECTRUM-MCE-IS 1893’ for soil type Medium-Stiff. These records are scaled 
so that they meet the requirements given in ASCE 7-16 for isolated structures. The 
first step consists of obtaining a set of as-recorded ground motion records in two 
orthogonal directions, which are similar to the target spectrum. The seismogenic 
features of the selected records should be similar to those expected for the area of 
study. The method proposed by Vargas et al. [1] for obtaining sets of ground motion 
records that fit a target response spectrum under a mean square metric is used for the 
present study. The target spectrum is shown in Fig. 6.

3.2.1 Record Selection Procedure 

The approach for choosing ground motion records aligns with the methodology 
proposed by Vargas et al. [1]. This method involves assessing the mean squared error 
between the average response spectra of a set of records and the target spectrum 
function. Subsequently, the records are organized in ascending order based on these 
error values. This sequence ranks the record that closely matches the target spectrum 
at the top position, followed by others in succession. It is important to highlight that 
this selection process effectively mitigates the influence of individual records. The

Table 2 Seismic design parameters 

Seismic zone V with MCE (IS1893) 

Zone factor, Z 0.36 (IS1893-2016 Part-1) 

Importance factor, I 1.0 from ASCE 7 Cl 17.5.4 

Response reduction factor, R Concrete OMRF—ASCE 7-Cl 17.5.4 

Soil category Medium soil (IS1893) 

Structural irregularity None 

Short period transition 0.55 s (IS1893) 

Long period transition 4.0 s (IS1893) 

Redundancy factor 1.0 from ASCE 7-Cl.17.2.3 

MCE short period spectral acceleration SMS = 0.36 * 2.5 = 0.9 (IS1893) 
MCE spectral acceleration at 1 s SM1 = 0.36 * 1.36/1 = 0.4896 (IS1893) 
Response spectrum curve As per IS1893 with above parameters 

Grade of concrete M30 for super structure and foundation 
M50 for pedestals above and below isolator 

Grade of steel Fe-550D 
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Fig. 6 Target spectrum

sorting process itself excludes records that could introduce substantial deviations 
in dynamic analyses and estimates of expected demand. Utilizing this method, a 
collection of ten specific ground motion records has been identified (see Fig. 7). A 
comparison of these spectra with the target spectrum in Fig. 6 is undertaken. For 
clarity, the primary components are denoted as ‘X’ (Records on the right in Fig. 7) 
and ‘Y ’ (Records on the left in Fig. 7). 

Note that, in addition to finding ground motion records compatible with a target 
spectrum, the method proposed by Vargas et al. [1] also could find signals with similar 
seismogenic features, including depth, magnitude, and epicentral distance (Table 3).

Fig. 7 As-recorded ground motion records; right: X direction; left: Y direction 
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Table 3 Seismological parameters of selected ground motion 

Epicentral distance (km) Depth (km) Hypocentral distance (km) Magnitude 

06.8 3.8 07.8 6.9 

22.0 3.8 22.3 6.9 

18.6 9.2 20.8 6.5 

05.0 8.3 09.7 6.1 

01.8 8.3 08.5 6.1 

04.9 8.3 09.6 6.1 

07.8 9.2 12.1 6.5 

15.6 8.1 17.6 6.0 

04.6 9.2 10.3 6.5 

10.5 9.2 14.0 6.5 

3.2.2 Scaling of Ground Motions 

ASCE 7-16 (section 17.3.3) sets out two key criteria that matched spectral records 
must satisfy. Firstly, for each pair of horizontal ground motion components, a square 
root of the sum of the squares (SRSS) spectrum is computed by determining the 
SRSS of the 5%-damped response spectra for the scaled components. Scaling is 
applied to each motion pair to ensure that, within the period range spanning from 
0.75TMU (based on upper bound isolation system properties) to 1.25TML (deter-
mined from lower bound isolation system properties), the average SRSS spectra of 
all horizontal component pairs maintain values equal to or exceeding those on the 
response spectrum used for design (RESPONSE SPECTRUM-MCE-IS 1893). 

Furthermore, in at least one direction, a minimum of one component of the record 
must undergo scaling to guarantee that none of its values fall below 90% of the 
target spectrum within the period range of [0.2TMU–1.25TML]. These conditions 
are established while considering the BI design sheet characteristics of the project, 
specifically TMU = 3.53 s and TML = 4.13 s. As illustrated in Fig. 8, the spectra of 
the selected records, once adjusted to meet the criteria, are depicted to comply with 
the 90% threshold. Figure 8 demonstrates that none of the adjusted spectra’s values 
(depicted by grey lines) go below the 90% limit prescribed by ASCE regulations 
within the specified interval [0.2TMU–1.25TML].
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Fig. 8 Components selected to meet the 90% limit 

4 Overview of Analysis Results 

4.1 Story Drift 

Story drift means the difference between two adjacent story lateral displacements. 
This drift will affect the structural and nonstructural elements during earthquake by 
the large displacements of structural and nonstructural elements. Hence limiting the 
story drift will not the hospital building adversely. And the maximum story drift is 
limited in both X and Y directions with ASCE 7-16 guidance of 1.5%. Refer Fig. 9.

4.2 Base Shear 

Based on static analysis, target base shear of 7.0% seismic weight is determined for 
the hospital building. In time history analysis, by scaling according to ASCE 7-16, 
the desired base shear is attained. Furthermore, structural components of the hospital 
are designed to withstand a target base shear. 

4.3 Restoring Force 

The isolation system shall be configured to produce restoring lateral force for the 
hospital building as per ASCE 7-16. According to the codal clause of 17.2.4.4, the
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Fig. 9 Story drift of hospital

system’s lateral force difference between the MCE condition and 50% of the MCE 
condition to the ratio of its seismic weight must be greater than 0.25 times. 

5 Special Detailing in Base-Isolated Building 

This hospital building concept is finalized by treating continuous access from upper 
floor to basement in staircase and lift areas. Special detailing is worked out for 
staircase flight and is separated in isolation plane as shown in Fig. 10.

For lift rails, two options are worked out. The first option is a cantilever wall 
hanging from ground beam and the rails are fixed over the walls and the wall is 
separated from basement by providing gap as shown in Fig. 11. In another option, 
wall lift supporting guide rail and block wall is separated from basement isolator 
plane by providing a joint as shown in Fig. 12.

The ground story diaphragm displacement value of 350 mm (maximum) from 
analysis is used as seismic separation joint in ground floor perimeter of the building 
as  shown in Fig.  13. Retaining wall is designed as a cantilever wall to allow the lateral 
movement during seismic events and the joint treated with sealant.

MEP pipelines are flexible and sufficient length in the plane of isolator, will not 
break or damage during seismic movement of the building as shown in Fig. 14.
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Fig. 10 Staircase flight joint 
between basement and 
ground

Fig. 11 Cantilever RC wall 
hanging from ground

6 Isolator Installation at Construction Site 

The plan area of the pedestal is first considered, and a bearing template made of a steel 
plate at least 20 mm thick is used, with the position of the bolt template following the 
drawing in Fig. 15. Through the use of 6 mm hooked shape wire and free flow, non-
shrinking cement-based grout, mock grouting is completed with the fewest possible 
air spaces and bubbles. Minimum 95% full contact area grout needs to be achieved 
inside the diameter of isolator location. After completion of the mockup, isolators 
are installed. The erection of isolator should be done in bottom pedestal based on
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Fig. 12 Gap in guide rail between ground and basement

Fig. 13 Seismic joint in building perimeter
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Fig.14 MEP cables in between fixed and isolated building

Fig. 15 Standard template in site to cast the pedestal 

standard operating procedure. The same construction team shall be used to do the 
installation of isolator in remaining location of the hospital building. 

7 Testing of Isolator 

Prototype testing has been done for various types of LRB isolators as per ASCE 
7-16 guidelines at Seismic Robinson’s laboratory. The test results are verified with 
analytical model properties and found to be similar. 

The test setup is shown in Fig. 16. The basic concept of the Prototype is such that 
the lateral force is applied to achieve target displacement at compressive load. The 
readings are noted by digital sensor at very small time intervals (in the range of ms) 
to check the lateral force required to achieve particular displacement, those values
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Fig. 16 Testing rig 

are plotted in the graph to get the hysteresis loop. From that loop, the value of keff 
(Load/Disp) and value of damping can be arrived. The arrived values of the keff and 
damping should be within prescribed limits from the target values. 

770LRB170 Isolator Prototype testing parameters like axial load and lateral 
displacements which arrived from analytical model are given as input through 
computer. The test results are plotted in Fig. 17. 

Fig. 17 Load versus displacement chart
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8 Conclusion 

National Disaster Management Authority has stated that hospitals need to function 
even post-earthquake. Base-Isolated hospitals have significantly contributed to func-
tion even after earthquake. The importance of the Base-Isolation system in a hospital 
building is addressed and Base-Isolation system is implemented successfully at the 
construction site. The design and analysis procedure of the isolated building are 
briefed in the above sections. 

The Hospital building drift is verified with the limit of 1.5% and found within the 
codal allowance of ASCE 7-16. 

The Isolation system restoring performance is verified and found that the system’s 
lateral force difference between the MCE condition and 50% of the MCE condition 
to the ratio of its seismic weight is greater than 0.25 times. 

To serve as a handy reference for upcoming projects, the challenges associ-
ated with maintaining the isolator on the basement roof are discussed along with 
a workable solution. 

Isolator properties used in analytical model are verified through prototype test 
results and the results are found to be within the limiting value of 10% as per ASCE 
7-16 codal references. 
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Mass Concreting Techniques Used 
in Various Hospital Projects for LINAC 
Block 

J. Praveen, Harine Thangaraj, and V. G. Lavanya 

1 Introduction 

LINAC Bunkers house the “LINEAR ACCELERATOR” which is used extensively 
for radiation therapy as shown in Fig. 1. Proton Therapy facility for advance cancer 
treatment houses a cyclotron, energy selection system, beam transport system and 
rotating gantry. The bunkers are designed to contain harmful radiation generated 
during the treatment and prevent its leakage to the outside environment. As per the 
guidelines of Atomic Energy Regulatory Board (AERB), massive thick walls and 
slabs are constructed to avoid radiation leakage as shown in Fig. 2. Such huge volume 
of concrete develops significant internal temperature which must be controlled to 
prevent the occurrence of cracks. Use of concrete in these massive elements requires 
innovative, unique and special precautionary measures to be followed. Critical project 
data where LINAC block is constructed is given in Table 1 [1].
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Fig. 1 LINAC treatment unit after installation 

Fig. 2 LINAC block with mass concrete elements 

Table 1 Critical project data 

Description Bunker size L 
× B 

Height RC wall 
thickness 

RC roof slab 
depth 

Volume of 
concrete 

SCI cancer 
centre 

12.5 m × 29 m 5.70 m 0.60–2.40 m 0.7–2.40 m 2258 m3 

L2 prototype 
(3 sites) 

25 m × 14.5 m 5.70–10.80 m 0.60–2.40 m 0.7–2.40 m 4164 m3 

L3 prototype 
(6 sites) 

25 m × 14.5 m 5.70–10.80 m 0.60–2.40 m 0.7–2.40 m 7114 m3
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2 Special Techniques and Quality Control Measures 

2.1 Formwork Systems 

Special insulated formwork arrangement is used to prevent the structure from getting 
exposed to the atmosphere. Wall concrete surface is insulated by keeping specially 
constructed PUF foam boards at both faces. For the slab, the bottom shuttering is fixed 
with PUF boards, while the top surface is coated with curing compound and covered 
with tarpaulin sheet followed by Thermocol panels to ensure minimal temperature 
variation between inside and outside. 

PUF boards consist of a pair of 12 mm thick plywood as outer layer with 50 mm 
thick high-density Thermocol (25 kg/m) in between. Formworks of approximate 
size 2.4 m × 3.6 m (with size variation as per site requirement) are constructed 
and erected in place at site by cranes. 2'' × 3'' wooden runners at 300 mm spacing 
are used to maintain the stability of the panels which is further backed by H-16 
aluminium beams. Form works on each side of the walls are anchored together with 
16 mm consumable tie rods running across the wall thickness. As an alternative to 
the sandwiched PUF board, 18 mm thick monolithic plywood board panels (without 
Thermocol) as shown in Fig. 3 are also used based on availability at site. 

Fig. 3 Formwork arrangement
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Fig. 4 Lowering water 
temperature with ice to < 
4 °C  

De-shuttering of wall is done only when the internal peak temperature is less than 
400 °C, so that variation of temperature between the core temperature and ambient 
temperature is less than 190 °C. 

2.2 Concrete Mix Design 

Concrete grade of M30 is used for both walls and slabs. However, due to challenges 
in availability of materials and concrete placement at site, the wall concrete mix 
design is for high-flow concrete with flow index 520–550 while slab concrete mix is 
with slump value of 150–160 mm. The required water-cement ratio and the amount 
of cementitious material are also determined. 

The concrete is temperature controlled by preparing the concrete with low temper-
ature water and coarse aggregates. Ice cubes are dumped in water, based on exact 
calculations, to bring down the temperature to 3–4 °C before mixing as shown in 
Fig. 4. Similarly, the coarse aggregates (20 mm down) are also dowsed with crushed 
ice and chilled water to lower temperature before mixing in batching plant as shown 
in Fig. 5. Placing temperature of concrete mix is restricted to maximum 25 °C as 
shown in Fig. 6. Use of fly ash further significantly lowered the internal temperature 
due to heat of hydration [2]. Refer Annexure–1 for further details.

2.3 Curing 

Curing is done on the top surface of the slab and wall bottom lifts with curing 
compound as shown in Fig. 7. The curing compound is applied directly to the concrete 
surface followed by a layer of polythene (LDPE/tarpaulin) sheet as shown in Fig. 8 
to prevent the moisture loss from the surface. Thermocol sheets are placed over the 
polythene membrane to provide necessary insulation as shown in Fig. 9.
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Fig. 5 Lowering aggregate 
temperature with ice 

Fig. 6 Concrete temperature 
at pouring point < 25 °C
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Fig. 7 Application of curing 
compound over concrete 
surface 

Fig. 8 Application of 
thermocol over LINAC slab

3 Temperature Monitoring 

Temperature observations are made in the concrete by using thermocouples (Fig. 10) 
as per GFC (good for construction) drawing. The placing of thermocouples in a wall/ 
slab is done in the following manner.
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Fig. 9 Application of 
polyethene sheet over 
thermocol

Fig. 10 Thermocouple 
sensor and connectors 

1. Thermocouples are fixed to a rebar as shown in Fig. 11.
2. At the centre point to the thickness of the raft/wall, three thermocouples are 

placed with its monitoring pins placed at the top, middle and bottom points of 
the wall as shown in Fig. 12.

3. The top point and the bottom point are 200 mm below and above the level of 
casting respectively and the middle point is at the centre to the entire depth of 
the level of casting. 

4. In walls, thermocouples of one number are placed in the left and right sides of 
the wall, with its pin positioned at the centre, lying parallel to the centre point of 
the thermocouple placed at the middle of the wall. The thermocouple readings 
are taken at regular intervals as shown in Fig. 13.
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Fig. 11 Thermocouples fixed to rebar

Fig. 12 Thermocouple placement in walls and slab

4 Calculations 

Thermal properties of mass concrete in heating zone are determined as per Clause 
4.2.8 of IS 14591:1999 [2] with following inputs. 

1 Cement content in concrete 530 kg/ 
m3 

2 Total coarse aggregate in concrete 944 kg/ 
m3
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3 Total fine aggregate in concrete 714 kg/ 
m3 

4 Total water content in concrete 186 kg/ 
m3 

5 Density of concrete (ρ) 2610 kg/ 
m3 

6 Mean annual air temperature 26 °C 

7 Mean summer temperature 32 °C 

8 Mean winter temperature 20 °C 

9 Mean annual river water temperature 20 °C 

10 Specific heat of concrete (C) 857.33 J/ 
kg°C 

11 Thermal conductivity of concrete (K) 2.235 5 J/ 
m s °C  

12 Ultimate adiabatic rise in temperature (To) 68.32 °C 

13 Factor m for the concrete 0.025/h 

14 Exposure period of the lift (t) 72 h 

15 Lift height (D) 3.00 m 

16 Desired placement temperature of concrete 7 °C  

17 Temperature of ingredients of concrete at the time of mixing 

a Cement 30 °C 

b Coarse aggregate 20 °C 

c Fine aggregate 28 °C 

d Batched mixing water 5 °C  

18 Ice per cent of mixing water 60 per 
cent 

19 Permissible tensile stress at 10% of the compressive strength of 
concrete 

3.0 MPa 

20 Coefficient of thermal expansion of concrete (α) 4 × 10–6/ 
°C 

21 Sustained modulus of elasticity of concrete (E ρ) 2 × 
104 MPa 

22 Restraint factor (R) 1.00 

23 Compressive strength of concrete 40 MPa
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Fig. 13 Digital temperature 
monitor and concrete placing 
temperature

4.1 Computations 

A Verification of Desired Placement Temperature of Concrete 

Placement temperature of concrete is computed by the formula given in Clause 
4.2.6.2 of IS 14591:1999, 

Tp = 
0.22

(
TcaWca + T f aW f a  + TcWc

) + T f W f + TwWw − 79.6Wi 

0.22
(
Wca + W f a  + Wc

) + W f + Ww + Wi 
= 5.3 ◦C 

The placement temperature at the site of work depending on conditions is expected 
to be about 7 °C as desired. 

B Determination of Loss of Heat from the Surface of the Lift 

(i) As per Clause 4.2.7.2 of IS 14591:1999, drop in temperature of the concrete 
due to heat loss q3 is obtained by the formula: 

T3 = ηTo 

The value of η is obtained from Fig. 1 after calculating mt and D √
4h2 d t 

m = 0.025/h and t = 72 h 

mt = 0.025 × 72 = 1.80 

and D √
4h2 d t 

= 3.00 √
4×h2 d×72 

The diffusivity h2 d of concrete is calculated by the formula: 

h2 d = 
K 

Cρ 
= 9.994 × 10−7 m2 /s
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Fig. 14 Part of the total heat lost from the surface of the lift 

h2 d = 3.598 × 10−3 m2 /h. 

Hence D √
4h2 d t 

= 2.95 Now, corresponding to the values of mt = 1.80 and D √
4h2 d t 

= 
2.95, the  value of  η as obtained from Fig. 14 is 0.10. 
Thus, T3 = ηTo = 6.832 ◦C. 

(ii) As per Clause 4.2.7.3 of IS 14591:1999, temperature drop due to heat loss q2 
is calculated by the formula: 

T2 = 
2h2 d θo 
D

√
π

[/
t 

h2 d 
− I

]

Now, 

θo = Placement temperature − Atmospheric temperature = −25 ◦C 

From Fig. 15,

I 
D 
2h2 d 

= 0.0001. 

I = 0.041 
T2 = −4.78 ◦C
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Fig. 15 Plot of I 
D 

2h2 d 

versus D /
4h2 d t

(iii) As per Annex A of IS 14591:1999, temperature drop due to heat loss q1 is 
calculated by the formula: 

T1 = 
2h2 d θ2 
D

√
π 

× I 

Here, 

θ2 =
(
Tp + To − T3 − T2

) − Atmospheric Temperature = 41.27 ◦C 

Hence, 

T1 = 0.003 ◦C 

Therefore, the total temperature drop due to loss of heat from the exposed 
surface of the lift, 

TL = T3 + T2 + T1 = 2.055 ◦C 

C Evaluation of Thermal Stresses 
As per Annex A of IS 14591:1999, the maximum temperature attained by 

concrete = Tp + To − TL = 73.265 ◦C. 
Where, To = HW  

ρC = 68.32 ◦C [H = 343,527 J/kg and W = 445 kg/m3]. 
Final stable temperature of concrete is Ts = 26 ◦C which is the mean annual 

air temperature. 
Thermal Stress is F = α E p R

(
Tp + To − TL − Ts

) = 3.78 MPa < 
4.3MPa, hence acceptable.
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5 Results and Discussions 

Graph between time from concrete placing vs temperature is shown in Fig. 16. 
Following observations are made from the graphs. 

• Maximum core temperature readings obtained from thermocouples is 70 °C 
typically after 48 h of concrete placing and the ambient temperature is 32 °C. 

• Maximum temperature difference is 34 °C to 39 °C.

Fig. 16 a Temperature monitoring data for LINAC wall Barpeta site. b Temperature monitoring 
data for LINAC wall Tezpur site
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• Proper thermal insulation techniques as mentioned above must be followed till 
the temperature difference between core temperature and ambient temperature is 
20 °C. 

• Typical time taken to maintain the temperature difference of 20 °C is 7 to 14 days. 

6 Conclusion 

Several procedures were used throughout the project to prevent thermal cracks and 
radiation leakage, including curing i.e. using curing compound, the slab’s top surface 
and the wall’s bottom lifts are cured. To stop moisture loss from the surface, a layer of 
polythene (LDPE/tarpaulin) sheet is added after the curing compound is immediately 
sprayed onto the concrete surface. Thermocol sheets are used to insulate the polythene 
membrane by covering it with them. We have also performed batch mixing using ice 
cubes and ice-cold water. 

The usage of ice cubes and cold water has had a major influence on the thermal 
properties of mass concrete in the heating zone. 68.32 °C is the ultimate adiabatic 
temperature rise. The addition of ice cubes and chilled water helped to achieve a 7 °C 
of placement temperature of concrete. 

With the above techniques, we have successfully completed the construction of 
LINAC bunker structures with innovative use of temperature-controlled concrete of 
quantity 13,536 cum with strict quality control. 

7 Annexure–1: Summary of Mix Design at SCI Guwahati 

Properties of Aggregates 
Source: 

(a) Coarse Aggregate: Shillong 
(b) Fine Aggregate: Boko 
(c) Cement: Dalmia OPC 43 Grade 
(d) Fly Ash: Bongaigaon 
(e) Admixture: 4111 NS (Sika)–Mid Range PC 

Coarse Aggregate 
Impact value: − 22.92 
Crushing value: − 23.47 
Specific Gravity: − 2.717 
Water Absorption: − 0.32 
Flakiness (20 mm):15–18% 
Flakiness (10 mm):14–19%.
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Fine Aggregate 
Specific Gravity: − 2.612 
Water Absorption: − 1.23 
FM: 2.4–2.6 
Zone–3. 

A Design Mix content per cum 

(a) 20 mm: 330 kg 
(b) 10 mm: 614 kg 
(c) Sand: 714 kg 
(d) Cement: 360 kg 
(e) Fly Ash: 170 kg 
(f) Water Cement Ratio: 0.35 
(g) Admixture: 2.39 kg (Dosing 0.45%) 
(h) Concrete Flow: 640 mm (Initially), 550 mm (After 60 min) 

B Concrete Strength at the time of Design mix 

(a) 7 days Strength–33.45 Mpa 
(b) 28 days Strength–43.44 Mpa 

C Concrete Strength after pouring. 

(a) 7 days Strength–28.54 Mpa (Avg) 
(b) 28 days Strength–38.64 Mpa (Avg) 

Ambient Temperature During Concrete 

(a) Winter Season–Min-11 °C Max-28 °C 
(b) Summer–Min: 21 °C Max: 34 °C 

Pouring Temperature—< 25 °C 
Maximum Temperature difference—34–39 °C (In both Summer and Winter) 
Time is taken to maintain temperature difference between core temperatures: 

20 °C: 7–14 days. 
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Image Processing Techniques 
for Assessment of Deterioration 
in Recycled Aggregate Concrete Due 
to Chemical Attack 

Madhavi Latha Kasulanati and Rathish Kumar Pancharathi 

1 Introduction 

Recycling of concrete practised in present-day construction overcomes the problem 
of depletion of natural sources and reduces the wastage of land required for the 
disposal of demolished material [1]. It is now made mandatory to utilise recycled 
material in construction [2]. The natural aggregate used in construction of a structure 
can be replaced by 20% with recycled aggregate for reinforced concrete and 25% 
for plain concrete as per IS 383:2016 [3]. The mandatory guidelines according to 
the report in 2016 by construction and demolition waste management necessitate 
utilisation of 10–20% of materials from construction and demolition waste [1]. The 
aggregates are classified based on the attainment from masonry rubble, concrete 
rubble and a blend of natural and recycled aggregate according to RILEM TC121-
DRG (1994) [4]. The Recycled aggregate can be replaced up to 35 and 25% for 
strength class C25/30 and C30/37 according to German standards DIN 4226-100 [5] 
in conventional concrete. 

The durability of a structure can be estimated partially by visual examination, 
destructive tests on samples and non-destructive tests conducted according to the 
requirement [6]. The deterioration of concrete can be due to internal effects like poor 
quality materials, faulty workmanship etc., and due to external effects like acid attack, 
sulphate attack [7], chloride attack, etc. The structures constructed using Recycled 
Aggregate Concrete (RAC) have to be further analysed for their microstructure, as 
the interfacial transition zone of concrete affects the quality [8]. The images of the
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affected surface captured using high-resolution camera can be analysed for the shape, 
texture and colour variations for different chemical attacks. The results obtained can 
further be correlated with the evaluation based on other non-destructive tests. 

2 Methodology 

The conventional concrete and Recycled Aggregate Concrete (RAC) cubes are cast 
using Particle Packing Methods (PPM) [9, 10] and IS 10262:2019 for strengths of 30 
and 50 MPa. The proportions of concrete mix for natural and Recycled Aggregate 
Concrete (RAC) using IS (IS: 10262:2019) method and PPM are presented in Tables 1 
and 2. 

It can be observed that PPM can ensure a decrease in the cement content and 
better packing, resulting in higher strengths in both 30 and 50 MPa concretes for 
both Natural and Recycled Aggregate Concrete (RAC). 

The concrete specimens cast were cured for 28 days. The images of specimens 
before exposure to chemical attack are captured. The specimens are then subjected 
to attack by four chemical species viz., HCl, H2SO4, MgSO4 and NaCl for 28 days. 
After the exposure period, the specimens are again surface dried and the images of 
the surfaces are captured using a high-definition camera. All six surfaces of the cube 
are captured and the images captured before and after exposure are analysed using 
image J software. Each image is given a unique value of visible colour in the form of 
Red, Green and Blue values (RGB). The average RGB values of the six surfaces of 
each cube are determined and are converted to ‘H’, ‘S’ and ‘I’ colour space values 
using the following equations [11]. 

H = cos−1

{
0.5 ∗ [(R − G} + (R − B)] √
(R − B)2 + (R − B) ∗ (G − B)

}
(1)

Table 1 Mix proportions of concrete using IS 10262:2019 mix design method 

Constituents in Kg/m3 IS 10262:2019 

30 MPa 50 MPa 

NAC RAC NAC RAC 

Cement 296.88 296.88 381.70 381.70 

Fly ash 74.22 74.22 95.42 95.42 

CA 1338.40 1290.20 1018.80 1013.60 

FA 592.70 588.90 758.10 694.20 

Super plasticizer – 2.37 3.05 3.81 

Water 151.81 151.81 151.81 151.81 

W/C 0.41 0.41 0.32 0.32 

CA Coarse Aggregate; FA Fine Aggregate; W/C Water-cement ratio
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Table 2 Mix proportions of concrete using particle packing method (PPM) 

Constituents in Kg/m3 Particle packing method of mix design 

30 MPa 50 MPa 

NAC RAC NAC RAC 

Cement 268.83 279.24 329.26 355.39 

Fly ash 67.20 69.81 65.85 63.97 

CA Sieve size (mm) 385.31 423.36 529.34 403.01 

16–12.5 

12.5–10 363.91 322.56 350.17 307.06 

10–4.75 299.69 80.64 260.24 76.76 

FA 4.75–2.36 278.28 322.56 465.77 307.06 

2.36–1.18 256.88 342.72 209.87 326.25 

1.18–0.6 278.28 282.24 86.03 268.67 

0.6–0.15 278.28 262.08 99.74 249.48 

Super plasticizer 2.68 2.79 3.29 3.55 

Water 134.69 156.71 151.65 160.44 

W/C 0.45 0.40 0.34 0.33 

CA Coarse Aggregate; FA Fine Aggregate; W/C Water-cement ratio

S = 1 − 
min{R, G, B} 

I 
(2) 

I = 
R + G + B 

3 
(3) 

‘H’ indicates “Hue” and describes the pure colour; ‘S’ indicates “saturation” 
which represents contamination of a colour with white colour. ‘I’ indicates “Inten-
sity” which represents the brightness intensity of a particular colour [11]. The HSI 
values determined for conventional and Recycled Aggregate Concrete (RAC) are 
compared for different chemicals and the results are analysed. The colour variation 
for different chemicals in HSI colour space can be used as a measure of deterioration 
of a structure when exposed to these chemicals [12]. 

The Conventional and Recycled Aggregate Concrete (RAC) specimens are also 
tested for durability loss when exposed to different chemicals and quantified 
according to the standard stipulations of ASTM C 666-97 [13]. The durability of 
test specimens after 28 days of exposure to chemical attack is determined from the 
variation of diagonal length, mass loss and strength loss using Durability Loss Factor 
(DLF) determined by using the following equations [14]. 

DLF = MLF × DiF × SLF (4)



336 M. L. Kasulanati and R. K. Pancharathi

DLF = Durability Loss Factor; MLF = Mass Loss Factor; DiF = Distortion Factor 
and SLF = Strength Loss Factor. 

Mass Loss Factor considers the mass loss with respect to initial mass of specimen 
affecting the durability of the specimens. 

MLF = 
M1 − M2 

M1 
× 100 (5) 

M1 = Mass of specimen before exposure to chemicals; M2 = Mass of specimen after 
exposure to chemical attack. 

Distortion Factor considers the change in diagonal length with respect to initial 
length of specimen influencing the durability. 

DiF = 
D1 − D2 

D1 
× 100 (6) 

D1 = Initial diagonal length before exposure; D2 = Diagonal length of the specimen 
after exposure to chemical attack. 

Strength Loss Factor considers the loss of strength with respect to the initial 
strength causing the deterioration of concrete. 

SLF = 
S1 − S2 

S1 
× 

N 

M 
(7) 

S1 = Strength of control specimen without exposure to chemical attack; S2 = Final 
strength of specimen after exposure to the attack of chemical; N = Number of days 
at which the durability factor is to be determined. M = Number of days at which the 
exposure is to be terminated. 

3 Results and Discussion 

The HSI colour space values are determined from the average RGB values for natural 
specimens of 30 and 50 MPa strength designed using IS 10262:2019 [15] and PPM 
[10] methods. The properties of materials used for making concrete satisfy the stip-
ulations in the codes [16–18]. The values of ‘H’, ‘S’ and ‘I’ for NAC specimens 
exposed to HCl, H2SO4, MgSO4 and NaCl compared to the values before exposure 
are shown in Table 3.

Similar to Natural Concrete (NA), Recycled Aggregate Concrete (RAC) spec-
imens are also evaluated for RGB values and the corresponding HSI colour space 
values are determined for 30 and 50 MPa strength and the results are shown in Table 4.

From Tables 3 and 4, it can be observed that the values of Hue, ‘H’ decreased for 
HCl exposure as compared to the control specimen. This is true both for NA and RA 
specimens of 30 and 50 MPa strength. Exposure of concrete to HCl results in the
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Table 3 HSI values of conventional concrete (NAC) before and after exposure to chemicals 

Chemical 30 MPa 50 MPa 

H S I H S I 

IS 

CS 64.22 9.16 49.59 62.20 8.24 56.22 

HCl 61.20 15.58 67.99 60.11 14.28 72.13 

H2SO4 64.50 14.85 69.65 63.21 13.08 76.28 

NaCl 58.60 9.83 53.28 56.80 9.74 57.83 

MgSO4 60.59 12.48 57.30 58.71 11.58 69.47 

PPM 

CS 61.10 7.68 43.22 60.40 6.47 61.71 

HCl 58.64 13.27 76.25 57.21 12.18 78.84 

H2SO4 61.40 12.87 77.82 60.80 11.27 78.90 

NaCl 55.32 8.87 60.48 54.21 7.29 62.37 

MgSO4 56.22 10.57 70.21 55.40 9.47 72.58 

CS Control Specimen

Table 4 HSI values of recycled aggregate concrete (RAC) before and after exposure to chemicals 

Chemical 30 MPa 50 MPa 

H S I H S I 

IS 

CS 65.6 11.28 51.48 64.32 10.54 58.17 

HCl 64.11 17.37 69.24 63.28 16.48 74.32 

H2SO4 66.21 16.58 71.42 65.55 15.13 78.37 

NaCl 62.28 11.36 55.76 60.12 11.08 59.27 

MgSO4 63.45 14.37 59.47 62.44 13.84 71.24 

PPM 

CS 62.24 9.81 45.28 60.8 8.43 63.16 

HCl 61.42 15.37 78.51 58.81 14.66 81.11 

H2SO4 64.27 14.67 79.46 62.17 13.22 80.45 

NaCl 59.27 10.76 62.22 58.46 9.18 64.18 

MgSO4 61.65 12.74 72.38 60.27 11.63 74.63 

CS Control Specimen (No exposure to chemicals)

formation of red colour initially and further causes the exposure of aggregate on the 
surface, causing the reduction of pure colour on the surface [19]. The value of ‘H’ for  
H2SO4 after 28 days of exposure is slightly higher compared to control specimen as 
the reaction with concrete caused formation of a white residue along with exposure 
of aggregate on the surface [20]. White salt depositions are found on the specimen
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surface exposed to NaCl [19] and so the value of ‘H’ is reduced compared to the 
control specimen. Due to the sulphate attack, the surface turned to dark grey and 
so the value of ‘H’ is reduced for specimens exposed to MgSO4. The maximum 
variation of ‘H’ value is observed for the specimen exposed to H2SO4, followed by 
HCl. The variation is minimum for specimens exposed to NaCl and MgSO4. 

The values of Saturation, ‘S’ indicating the colour contamination with white colour 
varied according to the extent of deterioration caused by several chemicals. It can be 
observed that the value of ‘S’ for specimens exposed to HCl is higher compared to the 
value of control specimen as the initial grey surface of the concrete specimen changes 
to bright red colour and then to greyish white colour exposing the aggregates. The 
specimens exposed to H2SO4 showed a slight increase in the value of ‘S’ compared 
to control specimens due to the formation of white residue with aggregate exposure 
[21]. The variation of value of ‘S’ for specimens subjected to the attack of NaCl and 
MgSO4 is low due to reduced deterioration. The value of ‘S’ is higher for specimens 
exposed to HCl compared to other chemicals. 

The values of Intensity, ‘I’ indicating the brightness intensity specimens for HCl 
increased compared to the control specimen because of the removal of cement from 
the surface of the specimens. Similarly, the value of ‘I’ increased for specimens 
exposed to H2SO4 visibly evident with fraction of white powder and aggregate 
protruding after 28 days of exposure. The values of ‘I’ also increased for the concrete 
units exposed to NaCl and MgSO4, however, the variation is slightly less due to 
lower deterioration of exposed surfaces [22]. The value of ‘I’ is higher for speci-
mens exposed to H2SO4 indicating higher variation in the surface brightness, in turn, 
indicating greater deterioration., followed by HCl, MgSO4 and NaCl respectively. 
Also, the HIS values decrease with increase in the grade of concrete due to improve-
ment in the quality of concrete. The HSI values are lower for concrete specimens cast 
based on PPM method compared to concrete cast using IS 10262:2019 indicating the 
decrease in the deterioration using PPM. The values are however higher in Recycled 
Aggregate Concrete (RAC) due to lower quality of recycled aggregate because of 
the adhered mortar content on surface of aggregate. 

The mass loss, diagonal loss and strength loss of conventional concrete designed 
using IS and PPM methods for 30 and 50 MPa strength are shown in Tables 5 and 6.

From Tables 5 and 6, it can be observed that the mass loss, diagonal loss and 
strength loss are maximum for specimens exposed to H2SO4 followed by HCl, 
MgSO4 and NaCl respectively. This is attributed to higher deterioration of concrete 
exposed to H2SO4 compared to other chemicals. The Mass loss, Diagonal loss and 
Strength loss of RAC designed using IS and PPM methods for 30 and 50 MPa strength 
are shown in Tables 7 and 8.

From Tables 7 and 8, it can be observed that the mass loss, diagonal loss and 
strength loss are maximum in RAC specimens exposed to H2SO4 followed by HCl, 
MgSO4 and NaCl respectively. The variation is similar as in NAC, however, the 
losses are more in RAC compared to NAC due to inferior quality of concrete. Also, 
the losses are lower for concrete specimens cast using Particle Packing Methods 
(PPM) compared to IS 10262:2019 mix design method. The variation of percentage
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Table 5 Initial and final average values of mass, diagonal and strength of NAC at 28 days of 
exposure in chemicals (IS method) 

Mix method IS 

Concrete strength 30 MPa 50 MPa 

Mass loss M1 M2 (M1 − M2) M1 M2 (M1 − M2) 

HCl 2.60 2.43 0.17 2.62 2.42 0.20 

H2SO4 2.66 2.28 0.38 2.63 2.43 0.20 

NaCl 2.67 2.66 0.01 2.58 2.56 0.02 

MgSO4 2.68 2.65 0.03 2.62 2.60 0.02 

Diagonal loss D1 D2 (D1 − D2) D1 D2 (D1 − D2) 

HCl 17.12 16.90 0.22 17.23 16.80 0.43 

H2SO4 17.25 16.10 1.15 17.21 16.24 0.97 

NaCl 17.21 17.10 0.11 17.25 16.95 0.30 

MgSO4 17.10 16.95 0.15 17.32 17.30 0.02 

Strength loss S1 S2 (S1 − S2) S1 S2 (S1 − S2) 
HCl 37.60 28.00 9.60 37.60 35.00 15.10 

H2SO4 37.60 22.00 15.60 37.60 23.00 14.60 

NaCl 37.60 35.00 2.60 37.60 48.00 2.10 

MgSO4 37.60 30.00 7.60 37.60 42.00 8.10 

Table 6 Initial and final average values of mass, diagonal and strength of NAC at 28 days of 
exposure in chemicals (PPM method) 

Mix method PPM 

Concrete strength 30 MPa 50 MPa 

Mass loss M1 M2 (M1 − M2) M1 M2 (M1 − M2) 

HCl 2.54 2.37 0.17 2.55 2.43 0.12 

H2SO4 2.59 2.30 0.29 2.61 2.45 0.16 

NaCl 2.57 2.53 0.04 2.62 2.59 0.03 

MgSO4 2.59 2.52 0.07 2.51 2.49 0.02 

Diagonal loss D1 D2 (D1 − D2) D1 D2 (D1 − D2) 

HCl 17.20 16.35 0.85 17.21 16.60 0.61 

H2SO4 17.20 16.25 0.95 17.21 16.30 0.91 

NaCl 17.22 17.05 0.17 17.30 17.25 0.05 

MgSO4 17.30 17.25 0.05 17.20 17.10 0.10 

Strength loss S1 S2 (S1 − S2) S1 S2 (S1 − S2) 
HCl 37.60 31.00 6.60 37.60 32.00 5.60 

H2SO4 37.60 25.00 12.60 37.60 33.00 4.60 

NaCl 37.60 38.00 2.80 37.60 50.00 2.80 

MgSO4 37.60 40.00 0.80 37.60 44.00 8.80
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Table 7 Initial and final average values of mass, diagonal length and strength of RAC (28 days of 
exposure in chemicals-IS method) 

Mix method IS 

Concrete strength 30 MPa 50 MPa 

Mass loss M1 M2 (M1 − M2) M1 M2 (M1 − M2) 

HCl 2.40 2.01 0.39 2.43 2.20 0.23 

H2SO4 2.42 1.63 0.79 2.48 1.72 0.76 

NaCl 2.48 2.30 0.18 2.40 2.28 0.12 

MgSO4 2.50 2.27 0.23 2.40 2.24 0.16 

Diagonal loss D1 D2 (D1 − D2) D1 D2 (D1 − D2) 

HCl 17.00 16.30 0.70 17.10 16.60 0.50 

H2SO4 17.20 15.40 1.80 17.00 15.50 1.50 

NaCl 17.00 16.80 0.20 17.30 17.20 0.10 

MgSO4 17.30 16.90 0.40 17.32 16.88 0.44 

Strength loss S1 S2 (S1 − S2) S1 S2 (S1 − S2) 
HCl 35.02 24.00 11.02 48.12 36.24 11.88 

H2SO4 35.02 19.00 16.02 48.12 26.00 22.12 

NaCl 35.02 32.00 3.02 48.12 44.12 4.00 

MgSO4 35.02 26.84 8.18 48.12 39.12 9.00 

Table 8 Initial and final average values of mass, diagonal length and strength of RAC (28 days of 
exposure in chemicals-PPM method) 

Mix method PPM 

Concrete Strength 30 MPa 50 MPa 

Mass loss M1 M2 (M1 − M2) M1 M2 (M1 − M2) 

HCl 2.50 2.15 0.35 2.50 2.32 0.18 

H2SO4 2.51 1.78 0.73 2.56 2.02 0.54 

NaCl 2.52 2.40 0.12 2.55 2.48 0.07 

MgSO4 2.52 2.45 0.07 2.50 2.40 0.10 

Diagonal loss D1 D2 (D1 − D2) D1 D2 (D1 − D2) 

HCl 17.20 17.00 0.20 17.20 17.01 0.19 

H2SO4 17.15 15.90 1.25 17.10 16.24 0.86 

NaCl 17.20 17.10 0.10 17.32 17.30 0.02 

MgSO4 17.20 17.00 0.20 17.30 17.18 0.12 

Strength loss S1 S2 (S1 − S2) S1 S2 (S1 − S2) 
HCl 38.20 28.00 10.20 51.10 42.10 9.00 

H2SO4 38.20 23.00 15.20 51.10 28.84 22.26 

NaCl 38.20 36.00 2.20 51.10 49.21 1.89 

MgSO4 38.20 31.00 7.20 51.10 44.17 6.93
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loss of mass, diagonal length and strength of concrete are shown in Figs. 1, 2 and 3 
respectively. 

From Figs. 1, 2 and 3, it is evident that, with increase in grade of concrete, there 
is a decrease in mass loss, diagonal loss and strength loss and this is true with both 
methods of mix design. However, in case of Particle Packing Method of concrete mix 
design, these values are lower. It can also be seen that Recycled Aggregate Concretes 
are inferior to Natural Aggregate based Concrete for both grades and for concretes 
designed using IS and PPM methods. However, it is less in case of PPM method. It 
can hence be confirmed from this that Particle Packing Method of mix design is the 
optimum method for both conventional and Recycled Aggregate Concrete (RAC). 

The mass loss, diagonal loss and strength loss are further used for calculating 
Mass Loss Factor (MLF), Distortion Factor (DiF) and Strength Loss Factor (SLF) 
and ultimately, the Durability Loss Factor (DLF) is determined from Eqs. 4, 5, 6 and

Fig. 1 Percentage mass loss 
in NAC and RAC 
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Fig. 2 Percentage diagonal 
loss in NAC and RAC
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Fig. 3 Percentage strength 
loss in NAC and RAC
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7. The variation of Durability Loss Factor (DLF) for different chemical exposures 
for NAC and RAC using IS and PPM mix designs for 30 and 50 MPa strengths is 
shown in Figs. 4 and 5 respectively. 

From Figs. 4 and 5, it can be observed that the Durability Loss Factor is maximum 
for specimens exposed to H2SO4 followed by HCl, MgSO4 and NaCl. Higher DLF 
indicates more deterioration. It can hence be observed from Figs. 4 and 5 that the 
deterioration is the highest with H2SO4 compared to other chemical agents.

Fig. 4 Durability Loss 
Factor (DLF) of Natural 
Aggregate Concrete (NAC)
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Fig. 5 Durability loss factor 
(DLF) of recycled aggregate 
concrete (RAC)
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4 Conclusions 

• The RGB values of specimens obtained from image analysis before and after expo-
sure are converted to H, S and I colour space values to quantify the deterioration 
in concrete, due to different chemical species. 

• The colour variation is more pronounced in case of specimens exposed to HCl 
and H2SO4 compared to NaCl and MgSO4, indicating, greater deterioration in 
concrete, due to acid attack. 

• The variation of Hue (H) indicating pure colour is more for H2SO4, after 28 days 
of exposure which is evident from the colour changes from dark grey before 
exposure to white with aggregates exposed on the surface. 

• The saturation (S) values are higher for HCl exposure after 28 days, due to the 
drastic colour variation of specimen from dark grey to bright red and further leads 
to formation of white residue with exposure of aggregates on the surface. 

• The Intensity (I) of colours reflecting white is maximum for specimens exposed 
to H2SO4 for 28 days followed by HCl. This variation is very less in specimens 
exposed to NaCl and MgSO4. 

• The Mass Loss Factor (MLF), Distortion Factor (DiF), Strength Loss Factor (SLF) 
are the maximum for concrete exposed to H2SO4 compared to HCl. These values 
are further lower for exposure to NaCl and MgSO4 

• A unified parameter Durability Loss Factor (DLF), combining MLF, DiF and 
SLF are evaluated. This value is higher in concretes exposed to H2SO4 for 28 days 
period indicating greater deterioration. This can further be correlated with strength 
of concrete determined through destructive tests. 

• The variation of primary colours of surfaces of concrete specimen and the corre-
sponding H, S and I colour space values and the durability loss factors are corre-
lated and it can be used to identify the influence of chemical attack on a real-life 
structure.
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Performance of Basalt Fibre Reinforced 
High Density Concrete Using Hematite 
Ore Aggregates 

T. Harini, B. Sneha, S. Swathy, and R. Vidjeapriya 

1 Introduction 

In general, the radiations are classified into two types. They are Electro Magnetic 
waves and Nuclear Particles. Among all electromagnetic waves, X and Gamma rays 
with high energy at high frequency are to be shielded to protect human health. 
These two are similar to light rays but they have high energy penetrating power 
and Gamma rays that can be adequately absorbed by an appropriate thickness of 
concrete shield. The absorption of Gamma rays is directly proportional to the density 
of material which is used as a shielding barrier. If density is more, the absorbing 
character of Gamma rays is increased, if density is less absorbing character decreases. 
The Biological hazard of radiation upsets the chemical balances in the tissue and 
causes the death of cells. If enough cells are affected, then the various organs of 
human will fail to function. Hence radiation should be avoided. High density of 
concrete helps in shielding and it has the attenuation character of Gamma and Neutron 
rays. Standard heavy density concrete, using natural iron ore aggregate, can achieve 
densities up to 3850 kg/m3 [1]. Fibres are generally used to increase the strength. 
Here we specifically use basalt fibre as it is a natural fibre and does not require any 
treatment to use it along with high density concrete, economical and for strength gain. 
There are many aggregates, whose specific gravity more than 3.5 is available around 
the world for making a heavy density concrete. Out of these, commercial barite, 
magnetite, limonite, magnetite, hematite aggregates (Fig. 1) are employed. Among 
the above, the Hematite Ore in Fig. 2 is selected as a heavy aggregate and is quite 
suitable for preparing structural/shielding elements for Gamma rays attenuation.
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Fig. 1 Hematite aggregate 

Fig. 2 Hematite ore 

Initial research on high density concrete investigated the special aggregates needed 
to produce concrete shields capable of attenuating high and almost equal intensities 
of Gamma and neutron radiation at a temperature of 100 °C. The basic approach to 
high density concrete mix design is revived to show that theoretical calculations for 
concrete mixes do give results that are reliable but laboratory tests on high density 
concrete were lacking [2]. Later investigative work was carried out on a high density 
concrete aggregates. Properties of the high Density aggregates and the criteria for 
their use in concrete was stated. Study of Thermal properties of high density concrete
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was carried out compared with a normal-density dolomite-limestone based concrete 
[3]. High density concrete was examined for its radiation shielding of nuclear reactors 
and other structures that require radiation impermeability. In general hematite ores 
increase the density of concrete hence wall thickness of shielding wall is reduced 
to provide radiation shielding. Other physical and mechanical properties were also 
studied [4]. Studies in recent years stated concrete shields are structural elements, 
which should meet certain requirements in order to retain and absorb various kinds of 
radiation and to protect the staff and environment in a reliable way. Various difficulties 
in quality control and production of high density aggregates and high density concrete 
were discussed [5]. Further to reduce neutron and Gamma radiation, the shielding 
capability of high density concretes mixed with Ferro boron in different proportions 
(25, 50 and 75%) replacing granite aggregate was examined. When the percentage 
of Ferro boron increases, the radiation shielding property increases but it should 
be added with caution. If an excess amount of ferro boron is present in the mix, it 
adversely affects the strength of concrete [6]. 

Early studies in fibre reinforced concrete explained that the concrete is moderate 
in the compressive properties but lacks tensile properties. In order to compensate 
for the lack of the tensile strength properties, fibres can be inserted into the plain 
cement concrete. The test results indicated that when fibres are incorporated into the 
concrete, it enhances the strength properties and further increases the volume fraction 
of basalt fibres has a decreasing trend [7]. Basalt fibres were used in combination of 
other fibres. One of the studies investigated original basalt fibre (BF), and the sizing-
removed BF through the heat treatment were pneumatically dispersed by using an 
air compressor and by incorporating into normal strength concrete to basalt fibre 
reinforced concrete was produced. The concrete’s impact resistance performance 
increases when different lengths of basalt fibres are mixed than a single length basalt 
fibre [8]. Basalt fibre is used in combination with polypropylene. The increase in shear 
strength of reinforced concrete (RC) beams due to addition of basalt and polypropy-
lene fibre was investigated. About 2.5% of basalt fibres and 0.6% of polypropylene 
fibres produced the best results. The inclusion of polypropylene or basalt fibres 
considerably enhanced the ductility of the beams. The inclusion of 0.6% polypropy-
lene fibres enhanced the shear strength, peak deflection, ductility and initial stiffness 
[9]. In this research study, various percentages of basalt fibres are introduced into 
high density concrete made of Hematite aggregates to find the optimum percentage 
of basalt fibres that give Superior strength properties. The maximum compressive 
strength and flexural strength of basalt fibre reinforced high density concrete are 
compared with ordinary high density concrete.
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2 Experiment 

2.1 Characterization Materials 

In this research study, materials such as Grade 53 OPC cement, hematite ore aggre-
gates (Fine and Coarse) as in Fig. 1, superplasticizer and basalt fibres were used. 
The high density aggregate which contains high concentration of hematite ore was 
brought. Superplasticizer Master Glenium SKY 8631 was procured. The basalt fibre 
of 6 mm length was also procured. 

2.2 Materials and Methods 

The 53 Grade ordinary Portland cement is used for casting and its chemical compo-
sition and physical performance are used. Penna OPC 53 grade cement is used. 
The well-graded crushed hematite boulder or stone with a particle size of 12.5 and 
20 mm obtained from the quarry site is used as the coarse aggregate. The well-
graded hematite sand obtained from crushed stones with a fineness modulus of 4.89 
is used as the fine aggregate. Both hematite fine and coarse aggregate are obtained 
from the quarry site “hematite boulders and stone crushed for construction”. Cluster 
basalt fibres (CBF) of size 30s 6 mm length are used as additive in the concrete mix. 
Basalt fibres are produced from basalt rocks by melting them and converting the melt 
into fibres. Basalts are rocks of igneous origin. These fibre types are manufactured 
from the raw basalt stones. Thus, the mechanical properties of these fibres are close 
tensile strength ranges from 3000 to 4800 MPa, elastic modulus ranges from 95 to 
110 GPa, and density is about 2.6 g/cm3. Admixture used for conventional concrete 
was Rheobuild 1125 and high density concrete was Master Glenium SKY 8631 of 
high range water reducer cum retarding plasticizer. Le-Chattier method is followed 
to determine specific gravity as per IS 4031-part 11 1996. Specific gravity of cement 
obtained by testing is 3.15 and it is in the range of 3.10–3.16 as per IS code. Sieve 
analysis is performed by sieving the aggregates of known mass through 90 µm sieve  
to determine the fineness of cement as per IS code. Fineness of cement obtained by 
sieving is 4%. As per IS, it should be less than 10%. Initial setting time of cement 
is 162 min and final setting time of cement is 302 min. For an Ordinary Portland 
Cement of any grade, the initial setting time is 30 min. The Final Setting Time is 
600 min (10 h). So, it satisfies as per IS code. Pycnometer is used to find specific 
gravity of aggregates. Specific gravity of hematite fine aggregate obtained is 3.53 
and that of coarse aggregate is 3.9 and 3.83 for 20 and 12.5 mm size. As per IS 2386, 
the specific gravity should be in between 3.6 to 4.0 for coarse and 3.5 to 3.8 for fine 
aggregate. The aggregates are graded as per IS code 383. The aggregate gradation is 
determined by the fineness modulus method where aggregates are passing through 
the sieve as per IS standard to classify its size. Gradation of both fine and coarse 
hematite aggregate are well graded as it provides an S shape curve.
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2.3 Procedure for Mixing 

Initially, batching of each component of concrete was performed in a weighing 
balance and it was prepared for mixing. Now, the cement and fine aggregate are 
mixed in the mixer until the mixture is thoroughly blended and is of uniform colour. 
Add the coarse aggregate and mix with cement and fine aggregate mixture until the 
coarse aggregate is uniformly distributed throughout the batch. Adequate quantity 
of superplasticizer was mixed with water. Add water and mix it until the concrete 
appears to be homogenous and of the desired consistency. Slump test was carried out 
before filling the moulds. Well mixed concrete is filled in oil moulds and it is filled 
in layers with tamping of concrete in between each layer. The filled moulds are air 
dried for 24 h until the concrete is set. It is transferred to a water pond for curing. 

2.4 Tests 

After curing process, all the specimens were stored at room temperature until the 
tests were conducted. At 7 and 28 days, the concrete cube specimens were tested 
for compressive strength and flexural strength. The average results of three identical 
specimens for each group were taken. 

2.5 Mix Design 

Mix proportion of M30 basalt fibre reinforced high density concrete is shown in 
Table 1. The water/cement (w/c) ratio is 0.43 and the volume content of basalt fibre 
is kept at 0.5, 1, 1.5 and 2%. 

Table 1 Mix proportion of basalt fibre reinforced high density concrete (M30) 

Concrete 
ingredients 

Water Cement Fine aggregate Coarse aggregate Density (Kg/m3) 

20 mm 12.5 mm 

50% 50% 

Weight (kg/ 
m3) 

159 370 950.67 895.50 868.29 3244 

Mix 
proportion 

0.43 1 2.57 4.77
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3 Results and Discussion 

3.1 Fresh Concrete Properties 

Concrete is called Fresh concrete when it has not been set. By checking the fresh 
property of concrete, properties such as workability can be checked. The relative 
quantities of binding material, aggregates (fine and coarse), water and admixture are 
controlled and mixed together to get concrete in the wet state. In fresh concrete, the 
following properties are tested for satisfying its property. 

3.1.1 Workability of Concrete 

The ease, at which concrete is being mixed, transported, placed and vibrated without 
segregation is called workability. It is measured in terms of slump cone test. Slump 
is essentially a measure of consistency of rich mix. It is tested as per Indian standards 
and practice. For the ease of performing the test in field and due to high workability 
of the mix, slump cone test was opted. The results of it are tabulated in Table 2. 

From the table, the average slump value of high density concrete reinforced with 
varied percentage of basalt fibre is 140 mm. From the Results, it is evident that the 
mix has high workability (Ranging from 100 to 150 mm as per IS 456 2000) of 
140 mm. Workability of Concrete is influenced by various external factors such as 
site’s weather condition, mode of compaction, etc. Quality of raw materials used for 
producing concrete also affects workability. These factors include water/cement ratio, 
size and shape of aggregates, admixtures, etc. Hence adequate care has been taken 
while grading of aggregates and mix has been designed to provide high workability. 
This satisfies the properties of fresh concrete and design parameters are satisfied. 

3.2 Hardened Properties of Concrete 

In order to assess physical and mechanical properties of conventional and heavy 
density concrete suitable size of specimens were casted and tested at the appro-
priate ages as per guidelines of Indian standards. Concrete Hardening is a continuous 
process. Initially, chemical bonds are created between cement and water when they 
come in contact and they adhere to the aggregates to form the concrete. Reworking of 
concrete should be avoided to facilitate for full achievement of strength. Hardening

Table 2 Slump value of basalt fibre reinforced high density concrete 

Conventional concrete (M1) 130 mm 

High density concrete by using Hematite aggregate (M2) 140 mm 
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can only be carried out in concrete in presence of moisture. Curing is an impor-
tant process that aids in the development of strength of concrete. With the help of 
curing process, concrete gains 65% in 7 days and 100% in 28 days. In hot weather, 
absence of curing results in development of shrinkage cracks. Water Ponding method 
of curing is used as it is very simple. 

3.2.1 Compressive Strength Test 

Compressive strength is the ratio between load applied till get failure and contact 
area of the cube. It represents the concrete characteristics. With the results from 
this test, the quality of concreting and accuracy of mix design can be ascertained. 
Compressive strength test of concrete can be carried out in a cube or cylinder. IS 456 
2000 provides a procedure for concrete cube compressive strength test. ASTM C39/ 
C39M provide guidelines for Cylinder Concrete Compressive Strength Test. Here 
the test has been carried out as per regulations in IS 456 2000. Concrete cube mould 
of 100 mm × 100 mm × 100 mm has been used. The test results of early compressive 
Strengths are tabulated in Tables 3 and 4. 

From the above mentioned Tables 3 and 4, it can be clearly witnessed that the basalt 
fibre reinforcement of about 1% increases the compressive strength of high density 
concrete (with Fibres) compared with Non fibre reinforced high density concrete. 
The basalt Fibre has increased the compressive strength due to the bridging effect 
of fibres. Concrete when subjected to compressive load fails under shear with a 45° 
crack. Due to the introduction of basalt fibre in concrete, some shear is carried by 
the basalt fibres. Hence this improves the load carrying capacity of concrete in a 
considerable amount. It could be clearly seen from the results target 7 day strength 
has been achieved by the concrete. The seven day compressive strength is a good 
indicator of strength gaining of concrete. If satisfactory results are not obtained, the 
mix needs to be redesigned. The following Fig. 3 shows a graph plotted between 
Average Compressive Strength of Concrete versus Percentage of Basalt Fibres.

Table 3 7 day average compressive strength of high density concrete 

S. No Age at testing (days) Average compressive strength in MPa 

1 7 25.77 

Table 4 7 day average compressive strength of basalt fibre reinforced high density concrete 

S. No Fibre % Age at testing (days) Average compressive strength in MPa 

1 0.5 7 26.4 

2 1.0 7 29.3 

3 1.5 7 24.6 

4 2.0 7 20.4 
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Fig. 3 Graph between average compressive strength of BFRP concrete versus percentage of basalt 
fibres (for 7 days) 

A concrete cube gains its 100% target compressive strength at 28 days of curing. 
It is an important parameter that has to be tested. The concrete gains compres-
sive strength very quickly till 14 days (About 90%) and it gains about 99–100% of 
compressive strength in 28 days and continues to gain compressive strength in future. 
Hence 28 day compressive strength criteria allows us to check any discrepancies in 
strength from 7 to 28 days. Following Tables 5 and 6 represent the 28 days Average 
Compressive Strength of High Density Concrete and Basalt fibre Reinforced High 
density Concrete with varied Percentages of basalt fibre. 

From the tabulated results, it could be clearly seen that the optimum quantity of 
basalt fibre is about 1% of the weight of cement. The compressive strength increases

Table 5 28 days average compressive strength of high density concrete 

S. No Age at testing (days) Average compressive strength in MPa 

1 28 37.49 

Table 6 28 days average compressive strength of basalt fibre reinforced high density concrete 

S. No Fibre % Age at testing (days) Average compressive strength in MPa 

1 0.5 28 38.20 

2 1.0 28 42.86 

3 1.5 28 35.25 

4 2.0 28 32.72 
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Fig. 4 Graph between average compressive strength of BFRP concrete and percentage of basalt 
fibres (for 28 days) 

from 0.5 to 1% and it falls down from 1 to 1.5%. This shows that Peak Compressive 
strength of basalt fibre is achieved at about addition of 1% of basalt fibres. Similar 
results have notes in seven days compressive strength. The target strength of concrete 
has been achieved. Hence in our mix design, selection of materials constituting 
concrete and quality control process is adequate and accurate. Following Fig. 4 
represents the graph between Average Compressive Strength of BFR Concrete and 
Percentage of Basalt Fibres in Concrete. 

3.2.2 Flexural Strength Test 

The tensile properties of concrete are measured in terms of flexural strength of 
concrete. When the flexural strength of concrete is high, it can be used for Stress-
Bearing Restoration. Flexural strength increases with hike in compressive strength 
and age of concrete as well. The dimensions of the beam used for the test are 
100 mm × 100 mm in cross section and 50 mm in span. Flexural strength of concrete 
is roughly about 10–20% of compressive strength of concrete. In order to verify the 
flexural strength, the sample is tested at lab. Tables 7 and 8 represent the average 
flexural strength of high density concrete and average flexural strength of basalt fibre 
reinforced concrete in varied percentage of basalt fibres.

From the table, it can be inferred that the 7 day compressive strength of basalt 
fibre reinforced high density concrete at 1% of basalt fibre is the highest. It is also 
higher than that of flexural strength of high density concrete. It could be seen that 
the compressive strength and flexural strength follow a trend of being highest at the
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Table 7 7 day average flexural strength of high density concrete 

S. No Age at testing (days) Average compressive strength in MPa 

1 7 3.63 

Table 8 7 day average flexural strength of basalt fibre reinforced high density concrete 

S. No Age at testing (days) Percentage of basalt fibre Average compressive strength in 
MPa 

1 7 0.5 3.93 

2 7 1.0 4.31 

3 7 1.5 3.42 

4 7 2 3.15

addition of 1% by weight of basalt fibres. This further ensures that introduction of 
about 1% of basalt fibres is the optimum quantity for improved hardened properties 
of concrete. Fibres are bound to improve the tensile property of concrete. It is one 
of the cheapest method available to improve tensile characteristics of concrete when 
compared to reinforcing with steel. Various research work has been going on in the 
field of fibre reinforced concrete due to it being economical in nature and improving 
the tensile properties of concrete. The following Fig. 5 represents a graph between 
average flexural strength of basalt fibre reinforced concrete versus percentage of 
basalt fibres for 7 days. 

Fig. 5 Graph between flexural strength of BFRP concrete versus percentage of basalt fibres (for 
7 days)
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Table 9 28 day average flexural strength of high density concrete 

S. No Age at testing (days) Average compressive strength in MPa 

1 28 6.53 

Table 10 28 day average flexural strength of basalt fibre reinforced high density concrete 

S. No Age at testing (days) Percentage of basalt fibre Average compressive strength in 
MPa 

1 28 0.5 6.81 

2 28 1.0 7.31 

3 28 1.5 6.60 

4 28 2 5.40 

The concrete beam was also subjected to flexure test after 28 days of curing. The 
beam was supported on rollers and the central load was distributed between 2 points 
and then it was transmitted to the beam. The loading was continued until the failure 
of the beam. Depending upon the distance between crack and the nearest support in 
the tension region of the beam, formula for estimation of flexural strength of concrete 
was chosen. Following Tables 9 and 10 represent the 28 days average flexure strength 
of high density concrete and basalt fibre reinforced high density concrete with varied 
Percentages of basalt fibre. 

From the table, it is clear that the 28 days flexure strength of basalt fibre reinforced 
high density concrete is significantly higher than that of flexure strength of high 
density concrete. These results also follow the trend of other test results by providing 
maximum flexural strength at 1% by weight of basalt fibres. It can be ascertained 
that addition of 1% of basalt fibre is optimum for producing maximum compressive 
and flexural strength for high density concrete. The following Fig. 6 represents a 
graph between average flexural strength of basalt fibre reinforced concrete versus 
percentage of basalt fibres for 28 days.

4 Conclusions 

Experimental study of replacement of Hematite aggregate (High Density Aggregate) 
for normal aggregate was attempted for preparation of high density concrete along 
with reinforcing the concrete with basalt fibres. Following are the conclusions arrived.

• By varying the percentage of basalt fibre in concrete in the order of 0.5, 1, 1.5 
and 2%, it could be found that maximum strength properties are achieved at 
1% of basalt fibres in high density concrete. At lower percentages such as 5 
and 1%, basalt fibres improve the strength characteristics by absorbing the energy 
released during cracking of concrete and improving ductility of concrete. At higher
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Fig. 6 Graph between flexural strength of BFRP concrete versus percentage of basalt fibres (for 
28 days)

percentages, due to higher quantity of fibres, it doesn’t get incorporated in the mix 
causing a balling effect.

• As per the test results, it could be clearly seen that combination of basalt fibres 
at 1% (optimum per cent of basalt fibre) and high density concrete demon-
strates increase of compressive and flexural strength than those of unreinforced 
high density concrete. Compressive strength increases because a part of the load 
causing shear failure in direct compression is taken up by the fibres. Flexural 
strength of high density concrete increases due to the improved tensile properties 
of fibre reinforced high density concrete.

• The characteristic compressive strength of fibre reinforced high density concrete 
was 15% higher than high density concrete without fibre reinforcement concrete. 
The compressive strength increases from 0.5% of basalt fibres to 1% (Maximum 
Compressive strength). The strength decreases from 1 to 1.5% and a decreasing 
pattern follows on. The decrease in compressive strength is due to the balling 
effect of concrete.

• Flexural strength of fibre reinforced high density concrete was 12% higher than 
that of high density concrete without fibre reinforcement. Tensile properties of 
concrete have been improved. Flexural strength follows similar pattern to that of 
compression. Due to the balling effect in the mix (at 1.5 and 2% of basalt fibres), 
the strength of basalt fibre reinforced high density concrete is lower than that of 
normal high density concrete. With increased flexural strength, beam dimensions 
can be reduced during the design. High density BFR concrete resists bending 
better than high density concrete.
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Production of Artificial Aggregates 
and Their Impact on Properties 
of Concrete 

Gopal Bharamappa Bekkeri , Kiran K. Shetty , and Gopinatha Nayak 

1 Introduction 

The most widely used material in today’s infrastructure is concrete, which uses 
natural resources like river sand and natural gravel for its aggregate requirements. 
The majority of concrete is made up of coarse aggregate [1], which causes natural 
rock beds to be depleted. The government implements strict guidelines for acquiring 
natural aggregates as part of its efforts to safeguard these resources. As a result, 
researchers concentrate to a great extent on developing artificial aggregates manu-
factured from other materials, such as industrial waste, to replace natural aggregate 
[2]. On the other side, thermal coal-fired power stations generate a huge quantity of 
fly ash (FA), but only a small fraction of it is put to good use. FA causes significant 
air and water pollution, creating disposal issues and environmental damage. In this 
instance, FA is employed to form an artificial coarse aggregate that is tested for usage 
as a replacement material in concrete. The production of fly ash aggregates (FAA) 
is an acceptable action to significantly expand the use of FA, which is currently 
underutilized in enormous quantities in most of the world’s nations [1, 3–6]. 

Manufacturing aggregate has adopted agglomeration, an extensively utilized 
method, in powder metallurgy for size expansion. In this work, cold bonding, an 
environmentally friendly and energy-efficient hardening technique, has been adopted 
to produce aggregates from industrial waste [7]. Cold bonding necessitates the use of 
cementitious binder and/or relies on the pozzolanic reactivity of the FA, ultimately 
leading to a type of matrix bonding. Until now, low-calcium bottom ash, class-F fly
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ash, and class-C fly ash have been used to manufacture FAA [8]. There are numerous 
benefits to using lightweight aggregate in concrete. These include (i) reducing the 
dead load, which may lead to smaller, lighter high-rise structures and smaller footing 
sizes. This could lead to less cement and perhaps less reinforcement. (ii) Pre-cast 
elements that are lighter and smaller require more affordable and minor handling 
and transportation tools. (iii) Column, slab, and beam size reductions increase the 
available space. (iv) Excellent thermal insulation. (v) Increased fire resistance [9, 10]. 

The current study deals with the production of FAA for different proportions of 
FA and cement. The physicomechanical characteristics of manufactured artificial 
aggregates were determined and compared with natural coarse aggregates (NCA). 
Concrete was produced by replacing NCA with FAA in different proportions, and 
their fresh and hardened properties were investigated. 

2 Material and Methodology 

The study makes use of the following materials. 

2.1 Cement 

Cement is the binding material that holds other materials together to create a mass. In 
a study, cement of 43 grade was used and tested as per IS: 269-2015 and IS 4031-1996. 
It has shown a specific gravity of 3.12, fineness of 93%, and standard consistency of 
32%, with initial and final setting times of 147 and 352 min, respectively. 

2.2 Fine Aggregates 

The fine aggregate used in this study was natural river sand and locally sourced. 
Its properties were checked as per IS: 383-2016 and IS: 2386-1963. It exhibited a 
specific gravity of 2.61, water absorption of 1.2%, and loose and compacted bulk 
density of 1580 kg/m3 and 1602 kg/m3, respectively. According to gradation, it drops 
under zone II; hence, it can produce plain and reinforced concrete. 

2.3 Coarse Aggregates 

In a study, commercially available coarse aggregates of angular shape and size range 
from 20 to 4.75 mm were used and tested according to IS: 383-2016. The test results 
have shown a specific gravity of 2.8, water absorption of 0.67%, crushing value
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of 30.3%, and loose and compacted bulk density of 1550 kg/m3 and 1680 kg/m3 
, 

respectively. 

2.4 Fly Ash 

FA (class F) was obtained for a study from the Udupi power plant and used in different 
proportions with cement to produce artificial aggregates. It is tested as per IS 3812 
(Part 1)-2003. The test results showed a specific gravity of 2.19, fineness of 355 m2/ 
kg, and particle retained on 45 microns in percentage by mass is 30%. 

2.5 Production of Artificial Aggregates 

A granulation or agglomeration process employing a disc-type granulator machine 
is a step-in manufacturing fly ash aggregates. A standard disc-type granulator was 
set up with a speed of 55 rpm and a constant angle of 42° throughout the entire 
production of aggregate. Figure 1 illustrates the disc’s dimensions, which were 0.5 
m in diameter and 0.10 m in depth. The mix proportions used to form different types 
of artificial aggregates are listed in Table 1. The artificial aggregates were prepared 
using the cold-bonding method and maintained duration agglomeration for 20 min. 
The fresh aggregates were air-dried for 1 day to attain a minimum strength, followed 
by water curing for 28 days. 

Fig. 1 Production of fly ash aggregates. a disc-type pelletizer, b green pellets, and c FAA after 
curing
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Table 1 Mix proportions of FAA 

Mix ID Fly ash (%) Cement (%) Angle Speed (rpm) Duration (min) 

F90C10 90 10 42° 55 20 

F85C15 85 15 42° 55 20 

F80C20 80 20 42° 55 20 

F75C25 75 25 42° 55 20 

3 Characterization of Fly Ash Aggregates 

The gradation of aggregates was done as per IS-383:2016. The produced artificial 
FAA were tested for specific gravity, bulk density, and water absorption as per IS-
2386:1963 part 3. The crushing strength of aggregates was examined as per IS-
2386:1963 Part 4. 

4 Surface Treatment of Artificial Aggregates 

The FAA were subjected to a surface treatment that involved soaking the aggregate 
in cement slurry and saturated calcium hydroxide solution separately to enhance the 
performance of aggregates. The treated solution incorporates the aggregates’ surface 
pores and enhances the aggregates’ properties. FAA with particle sizes larger than 
4.75 mm were chosen, cleaned, and dried for treatment with the cement slurry. Then, 
a container filled with cement slurry with a w/c ratio of 0.5. The aggregate was 
placed in the container, shaken for 3 min, screened out, and dried for 28 days. FAA, 
with a more than 4.75 mm particle size, were chosen for treatment with the calcium 
hydroxide solution. 

The aggregate was then thoroughly rinsed, immersed in a saturated calcium 
hydroxide solution for 2 days, filtered out, and dried for 28 days. Figure 2 shows the 
surface treatment of aggregates with cement slurry and calcium hydroxide solution.

5 Production of Fly Ash Aggregate Concrete 

The concrete mix was designed for M30 grade by replacing natural coarse aggre-
gates with FAA by 30, 50, and 70%. Table 5 shows the mix proportions obtained 
for concrete of different replacements. According to the mix design, the ingredi-
ents were mixed and cast into 0.15 × 0.15 × 0.15 m cubes, cylinders of 0.15 m 
diameter and 0.30 m height, and beams of 0.70 × 0.15 × 0.15 m. All the casted 
specimens were demoulded after 24 h, followed by water curing for 7, 14, and 28 
days. The concrete produced was checked for fresh properties as per IS: 1199-1959 
and hardened properties as per IS 516-1959.
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Fig. 2 Surface treatment of 
aggregates with a cement 
slurry, b calcium hydroxide 
solution

6 Properties of Artificial Fly Ash Aggregates 

6.1 Particle Size Distribution 

The FAA are rounded in shape with a smooth texture, while conventional aggregates 
are angular with a rough texture. The gradation of conventional and artificial aggre-
gate is represented in Fig. 3. Both aggregates were comprised of particles of all sizes 
and were well-graded. 

Fig. 3 Gradation of FAA and conventional aggregates
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Table 2 Physical and mechanical properties of FAA 

FA:cement Specific gravity Bulk density (kg/ 
m3) 

Water absorption 
(%) 

Crushing value (%) 

90:10 1.57 949 19.37 38.63 

85:15 1.62 960 17.19 38.07 

80:20 1.64 987 14.21 33.12 

75:25 1.71 1009 12.38 32.01 

6.2 Physical and Mechanical Properties 

Table 2 and Fig. 4 show the physicomechanical characteristics of FAA prepared 
for various proportions of FA and cement. FAA’s specific gravity and bulk density 
ranged from 1.57–1.71 to 949–1009 kg/m3, respectively. Hence, they can be consid-
ered lightweight aggregates. The obtained results show that the specific gravity and 
density of aggregates increased with the increased cement content, mainly due to 
cement of higher specific gravity and the formation of a denser paste matrix. The 
aggregates’ water absorption and crushing strength improved with the increased 
percentage addition of cement due to the formation of an increased amount of C– 
S–H, which in turn results in denser microstructure and makes the aggregates less 
permeable by reducing voids. The aggregates’ water absorption and crushing value 
lie between 19.37–12.38% and 38.63–32.01, respectively. It is worth noting that 
aggregates containing a higher percentage of fly ash raise water absorption due to 
the fly ash of higher water absorption. It makes the aggregates porous resulting in 
lightweight with less strength.

6.3 Properties of Surface-Treated Aggregates 

The characteristics of coarse aggregate significantly influence the performance of 
the mixture. Tables 3 and 4 show the properties of FAA treated with cement slurry 
and saturated calcium hydroxide solution exhibiting significant improvisation in the 
water absorption and crushing strength compared to non-treated aggregates. It is 
because there may be impregnation of treated solution into the aggregates’ surface 
pores, making it less permeable and denser. The FAA treated with cement slurry 
exhibited slightly enhanced properties than aggregates treated with saturated calcium 
hydroxide. Hence from the obtained results presented in Fig. 5, it can be revealed that 
by treating aggregate surfaces with cement slurry and saturated calcium hydroxide, 
water absorption can be reduced in the range of 34.5–41.92% and crushing strength 
of 7.92–12.67%.
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Fig. 4 Properties of FAA

Table 3 Properties of cement 
slurry treated aggregates FA:cement Water absorption (%) Crushing value (%) 

90:10 10.93 34.21 

85:15 10.07 34.68 

80:20 8.33 31.79 

75:25 7.19 28.41 

Table 4 Properties of 
calcium hydroxide treated 
aggregates 

FA:cement Water absorption (%) Crushing value (%) 

90:10 12.26 36.72 

85:15 10.86 36.01 

80:20 10.43 31.52 

75:25 8.11 29.66 

Table 5 Concrete mix proportions 

FAA replacement (%) OPC (kg/m3) Sand (kg/m3) NCA (kg/m3) FAA (kg/m3) Water (l) 

Normal concrete 384 670.45 1173.0 – 192 

30% 384 670.45 821.5 130.765 192 

50% 384 670.45 586.768 217.942 192 

70% 384 670.45 410.73 305.63 192



366 G. B. Bekkeri et al.

0 

10 

20 

30 

40 

90:10 85:15 80:20 75:25C
ru

sh
in

g 
va

lu
e 

(%
) 

FAA proportion 

cement slurry treated 

calcium hydroxide treated 

0 

5 

10 

15 

90:10 85:15 80:20 75:25w
at

er
 a

bs
or

pt
io

n 
(%

) 

FAA proportion 

cement slurry treated 

calcium hydroxide treated 

Fig. 5 Properties of surface-treated aggregates 

7 Fly Ash Aggregate Concrete (FAAC) 

7.1 Mix Design for Concrete Containing FAA 

The materials adopted for this study satisfy the requirements for using them in 
concrete. In accordance with IS-10262-2000, a mix design without admixtures or 
superplasticizers has been developed for the M-30 grade. Table 5 displays details 
about the various blends and their composition. 

7.2 Workability of Concrete 

Figure 6 shows the concrete workability measured by the slump test for a given 
water-cement ratio. The concrete incorporated with FAA exhibited good workability 
compared to conventional concrete, mainly due to aggregates of rounded shape. The 
results show that the concrete workability increased with the increased replacement 
level of FAA because rounded shape FAA requires less water for friction between 
them and makes more water available to fluidify the mix.

7.3 Concrete’s Density 

The density of the concrete containing FAA ranged between 1906 and 2263 kg/m3, 
whereas for the same w/c ratio, the density of conventional concrete was 2413 kg/ 
m3. It has been observed that the concrete’s density was reduced with the increased 
replacement level of FAA. By incorporating FAA, the density of the concrete can 
be reduced up to 21% for 70% replacement compared to conventional concrete.
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Fig. 6 Workability of concrete

Fig. 7 Density of concrete 

Figure 7 presents the concrete density variations as the FAA replacement percentage 
increases. 

7.4 Mechanical Properties 

The concrete incorporated with cement slurry treated FAA of proportion 75:25, 
showing the best physical and mechanical properties compared to other proportions, 
employed in the concrete mix of M-30 grade for 30, 50, and 70% replacements to 
natural coarse aggregates. Figures 8 and 9 show characteristic strength and tensile 
strength for 7, 14, and 28 days of curing, and Fig. 10 shows flexural strength for 28 
days of curing only. The results show that the concrete strength decreased with the
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Fig. 8 Characteristic strength of FAAC 

Fig. 9 Split tensile strength of FAAC

increased replacement level of FAA due to the increased volume of FAA of lower 
strength. The strength properties of FAAC are inferior compared to the strength 
properties of conventional concrete. However, they satisfied the code requirements 
to use it as a structural construction material. 

8 Failure Mode 

The failure mode of concrete can be identified as bond failure and aggregate failure. In 
concrete incorporated with FAA, failure on aggregates has been observed, as shown 
in Fig. 11, which is attributed to fly ash aggregates of weaker strength than natural 
aggregates.
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Fig. 10 Flexural strength of FAAC

Fig. 11 Failure mode of FAAC 

From the above experimental studies, it can be said that the FAA aggregates can 
be an effective replacement for conventional aggregates under all the above cases, 
as all the specimen has reached the characteristics strength of M30 Concrete. 

9 Conclusion 

1. Fly ash aggregates’ specific gravity and bulk density are low compared to conven-
tional normal aggregates and can also be considered lightweight aggregates. 

2. The fly ash aggregates exhibit high water absorption and lower strength than 
conventional normal aggregates. However, these can be improved to a certain 
extent by employing surface treatment with cement slurry or saturated calcium 
hydroxide solution.
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3. In comparison to normal aggregates, fly ash aggregates play a more significant 
role in producing concrete of excellent workability for a given water-cement ratio 
without causing any segregation and affecting the strength. This is attributed to 
aggregates of spherical shape demanding less water for internal friction. 

4. The strength of the concrete incorporated with fly ash aggregates decreased 
with the increased replacement levels. They are inferior to conventional concrete 
strength but satisfy the requirements to use it as a structural material. 

5. The strength of the concrete decreased as the density of concrete decreased, hence 
there existence of a direct correlation between strength and density of concrete, 
and it highlighted that the strength of concrete depends more on the properties 
of the coarse aggregate. 

Therefore, from the above-drawn conclusions, it can be suggested that developing 
fly ash aggregates artificially by agglomeration method leads to the effective utiliza-
tion of industrial waste and overcoming the scarcity of natural coarse aggregates to 
produce concrete in the near future. 
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Properties of Concrete Produced Using 
Waste Polypropylene Fiber 

Lakshmi Vara Prasad Meesaraganda and Md. Athar Kazmi 

1 Introduction 

The disposal of discarded face masks has become a critical global concern [1]. The 
disposal of such waste has a high environmental impact, while its use in manufac-
turing or construction has a lower economic impact [2, 3]. This garbage has the 
benefit of being readily available in huge quantities and at a low cost. The market 
for construction materials is dominated by cementing materials due to their vital role 
[4]. Combining concrete technology with environmental technology, incorporating 
polymeric waste into concrete is an innovative step toward sustainability [5–7]. In 
order to reduce the dependency on natural resources and to make use of waste, many 
experiments have been carried out by incorporating such wastes in civil engineering. 
By doing so, the exhaustion of natural resources is minimized, and the CO2 emission 
while manufacturing cement is reduced to a great extent [8, 9]. 

The coronavirus (COVID-19) epidemic has boosted the use of personal protective 
equipment (PPE), such as face masks and plastic gloves [3]. The general public’s use 
of face masks helps reduce COVID-19 transmission but has significant environmental 
repercussions. According to estimates from June 2020, 129 billion face masks were 
disposed of each month [10]. These calculations were done before some countries 
enacted laws requiring people to wear face masks worldwide. Face masks left in the 
street, parking lots, or neighborhood parks are becoming common due to increased 
littering. The masks’ light weight makes them quickly pulled into rivers, lakes, and 
oceans, where they can break down into tiny pieces of plastic [11]. As a result, 
discarding masks or disposing of used personal protection equipment improperly
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could result in issues with wildlife and aquatic life or even the extinction of animals 
and marine life. Additionally, non-biodegradable polymers, which take hundreds of 
years to decompose in the environment, are used to make single-use masks [12]. As 
a result, quick action is needed to combat the COVID-19 epidemic and reduce the 
environmental impact of PPE disposal. 

The utilization of waste items such as PPE has become vital in order to decrease 
the negative environmental implications caused by the epidemic [13]. Due to the 
pandemic, the usage of PPE has increased drastically. This PPE is made of polypropy-
lene (PP), which will take more than 400 years to degrade in the environment. So, this 
PP is treated as non-biodegradable material. Because of the increased consumption, 
the load of discarding this PP has become numerous [7]. 

This research explores the advantages of PP fibers in the form of shredded 
masks, a PPE category. The shredded masks are added to the conventional M40-
grade concrete at a calculated proportion. The test results have shown an increase 
in concrete’s compressive, tensile, and flexural strength. When these PP fibers are 
added to concrete, the elongation problem of the material is controlled. 

2 Materials and Methods 

2.1 Materials 

53-grade commercial Portland cement confirming to IS 12269-2013 [14] is used in  
this project. Coal-fired power stations’ by-product Class F fly ash is utilized. Locally 
available fine aggregate of grade II and 10 and 20 mm nominal maximum size of 
coarse aggregate was utilized. A superplasticizer named Sunanda Polytancrete NGT 
super plasticizing admixture from Sunanda specialty coating PVT.LTD has been used 
in this present experimental work, and water drinking quality standard was used in 
the project. Waste polypropylene fiber (WPF) obtained from waste shredded masks 
is utilized; the face masks were shredded into 2 cm × 0.5 cm sizes for this study, as 
shown in Fig. 1.

2.2 Methods 

To get effective properties, comparative analysis and testing of concrete specimens 
are carried out before and after fiber inclusion. The concrete mixing was carried 
out as per IS 10262:2019 [15] and IS 456:2000 [16]. One without WPF and three 
varying amounts of WPF were applied in the concrete mix considered in this study, 
conventional concrete having zero WPF (CC), concrete with 0.1% WPF by weight 
of cement used (FC-I), concrete with 0.2% WPF by weight of cement used (FC-II),
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Fig. 1 Single-use face mask shredded into 2 cm × 0.5 cm

concrete with 0.3% WPF by weight of cement used (FC-III). The weight of each 
ingredient per unit volume of concrete for each mix ID is presented in Table 1. 

In order to evaluate the concrete fresh qualities, slump value test was performed; 
testing view of it is shown in Fig. 2. A test for compressive strength was performed 
on 150 mm cube specimens at 7, 28, and 56 days after water curing; the test setup 
is shown in Fig. 3. On a cylindrical specimen with a 150 mm diameter and 300 mm 
height, a splitting tensile strength test was performed at 28 and 56 days of water 
curing, Fig. 4 shows the splitting tensile testing. At 28 and 56 days of water curing, 
a flexural strength test was conducted on a beam specimen with a length of 500 mm 
and a cross-section of 100 × 100, and the test setup for the flexural strength test 
is  shown in Fig.  5. The test for drying shrinkage was carried out on specimens 
having dimensions of 75 × 75 × 300 mm. The specimens were kept in moist air

Table 1 Weight of ingredients per cubic meter of concrete 

Ingredients CC FC-I FC-II FC-III 

Cement (kg) 392 392 392 392 

Fly ash (kg) 97 97 97 97 

Water (kg) 178 178 178 178 

Superplasticizer 3.07 3.07 3.07 3.07 

Water/binder 0.36 0.36 0.36 0.36 

Coarse aggregate (kg) 1046 1046 1046 1046 

Fine aggregate (kg) 704 704 704 704 

WPF (g) – 390 780 1170 
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Fig. 2 Slump test

for 3 days followed by 28 and 90 days of water curing. Figure 6 shows the drying 
shrinkage testing. The details of the entire test conducted and, the method of testing 
are presented in Table 2. 

3 Results and Discussion 

3.1 Slump Value 

Figure 7 shows the result of the control and WPF concrete slump values. The slump 
value decreases as the dose of WPF increases, the mix FC-I and FC-II having 4.8% 
and FC-III with 9.2% lesser slump value than CC. To improve the workability of 
concrete, a water-reducing additive is employed with lower water-cementitious ratios. 
All of the mixes fall under the heading of excellent workability. Similar findings were 
made by Chen et al. [20], who discovered that slump decreases as polypropylene 
content rises.
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Fig. 3 Compressive strength 
testing

3.2 Compressive Strength 

The results of compressive strength at 7, 28, and 56 days are shown in Fig. 8; three 
specimens are tested on each testing day from each mix ID, and the average of these 
compressive strengths obtained is reported here. With the addition of WPF up to a 
certain optimum dose into concrete, the increase in the compressive strength was 
observed; beyond that, it tended to decrease on all testing days, and the mix FC-II 
showed the highest compressive strength. A 2.67, 1.85, and 1.3% higher compressive 
strength was found in FC-II than in CC at 7 days, 28 days, and 56 days of testing, 
respectively. The beautifully packed gaps between the coarse aggregate, sand, and 
cements components, which led to maximum compressive strength, cause the rise 
in compressive strength brought on by the incorporation of WPF. Another factor 
contributing to maximum strength may be the WPF’s strong bond with cement paste. 
However, using more WPF than the recommended 0.2% may result in improper 
compaction and workability, preventing future compressive strength increases at 
higher WPF doses. The published literature was found to be consistent with the 
higher dose of PP fiber than the optimum, decreasing the compressive strength [21].
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Fig. 4 Splitting tensile 
strength testing

3.3 Splitting Tensile Strength 

The splitting tensile strength test was done at 28 and 56 days, and the result obtained is 
shown in Fig. 9; three specimens are tested on each testing day from each mix ID, and 
the average of this compressive strength obtained is reported here. With the addition 
of WPF up to a certain optimum dose into concrete, the increase in the splitting 
tensile strength was observed; beyond that, it tends to decrease. The highest splitting 
tensile strength was found in the mix FC-II on both testing days. An 11% and 7.33% 
higher splitting tensile strength was a noticed in FC-II than in CC at 28 days and 
56 days of testing, respectively. This show that the WPF acts as a minute, uniformly 
distributed reinforcement throughout the concrete matrix. However, a higher dose 
of WPF than 0.2% may cause improper bonding, compaction, and workability and 
hence forbid further increment in splitting tensile strength at a higher dose of WPF. 
A similar observation was noticed by Liu et al. [22] that a higher dose of PP fiber 
than the optimum decreases the splitting tensile strength.
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Fig. 5 Flexural strength 
testing 

Fig. 6 Length comparator 
for shrinkage test
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Table 2 Details of tests conducted 

Sr. 
No 

Test Age on 
test day 

Specimen size, mm (in.) Test method 

1 Slump value – – 1199 (part-2) [17] 

2 Compressive 
strength 

7, 28, 56 Cube—150 × 150 × 150(5.91 × 
5.91 × 5.91) 

IS 516 (part-1/sec-1) 
[18] 

3 Splitting 
tensile 
strength 

28, 56 Cylinder—ϕ 150 × 300 (ϕ 5.91 × 
11.81) 

IS 516 (part-1/sec-1) 
[18] 

4 Flexural 
strength 

28, 56 Prism—100 × 100 × 500 (3.94 × 
3.94 × 19.69) 

IS 516 (part-1/sec-1) 
[18] 

5 Drying 
shrinkage 

28, 90 Prism—75 × 75 × 300 (2.95 × 
2.95 × 11.81) 

ASTM C 157/C 157 M 
– 08 [19]

Fig. 7 Slump values for all 
mixes

3.4 Flexural Strength 

The results of the flexural strength test, which was performed at 28 and 56 days, 
are presented in Fig. 10. Three specimens are tested on each testing day from each 
mix ID, and an average of this compressive strength obtained is reported here. With 
the addition of WPF up to a certain optimum dose into concrete, the increase in 
flexural strength was observed; beyond that, it tends to decrease. The highest flexural 
strength was observed in the mix FC-II on both testing days. A 13% and 8.66% 
higher flexural strength was found in FC-II than in CC at 28 days and 56 days of 
testing, respectively. This show that the WPF acts as a minute, uniformly distributed 
reinforcement throughout the concrete matrix. The increase in flexural strength due 
to the incorporation of WPF is due to excellently packed spaces in between the 
coarse aggregate, sand, and cement components, culminating in maximum flexural 
strength. Another reason for maximum strength might be the strong bonding of WPF
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Fig. 8 Compressive strength 
value for all mixes

Fig. 9 Splitting tensile 
strength value for all mixes

with cement paste; however, higher dose of WPF than 0.2% may cause improper 
compaction and workability and hence forbid further increment in flexural strength 
at a higher dose of WPF. The published literature was found to be consistent with 
the higher dose of PP fiber than the optimum, decreasing the flexural strength [23].
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Fig. 10 Flexural strength 
value for all mixes 

3.5 Drying Shrinkage 

Experimental results show that all the mixes have very less shrinkage strain, even 
with the addition of WPF; it does not make any major changes in shrinkage strain. 
The test for drying shrinkage is done after 28 and 90 days of water curing. The result 
of drying shrinkage is presented in Fig. 11; it shows that at 28 and 90 days of testing 
day, a marginal increment in drying shrinkage strain due to the addition of WPF than 
CC is observed. The increment in the drying shrinkage strain is very small and can 
be deemed acceptable. The marginal increment in shrinkage strain in mixes FC-I, 
FC-II, and FC-III compared to CC is due to the lower specific gravity of WPF, which 
is soft in nature and tends to shrink.

4 Conclusions 

The present research is on using waste face masks made up of polypropylene fiber 
as fibrous materials in concrete. The finding of the experimental investigation shows 
that the addition of WPF into concrete acts as a fiber. Due to the incorporation 
of WPF in concrete, compressive, splitting tensile, and flexural strength are greatly 
improved. A small optimum dose of WPF in concrete gives the best result in terms of 
mechanical properties. A 1.85%, 8%, and 13% higher compressive, splitting tensile, 
and flexural strength was observed in the mix FC-II than CC at 28 days of testing. A 
marginal reduction in slump value and increment in the drying shrinkage strain was 
observed due to the addition of WPF; however, the reduction in slump and increment
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Fig. 11 Drying shrinkage 
value for all mixes

in drying shrinkage is small, which is deemed to be acceptable. Hence, the addition of 
WPF into concrete gives a double-fold benefit, one is improving concrete mechanical 
properties, and the other is solving the disposal issue of waste polypropylene face 
masks. Also, this practice is environmentally friendly and cost-effective. 
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Performance Evaluation of Ternary 
Blended Alkali-Activated Mortars 
Incorporated with Industrial Waste 
Byproducts—A Step Toward 
Sustainability 

Sunil Nandipati , G. V. R. Srinivasa Rao , and G. Mallikarjuna Rao 

1 Introduction 

Concrete is universally accepted material for construction and infrastructure devel-
opment. It is used in various projects such as building construction. Annually, around 
30 billion tons of concrete are consumed globally [1]. Unfortunately, the production 
of concrete using OPC can lead to the release of large amounts of greenhouse gases 
into the atmosphere. For instance, if the 1 ton of concrete that is produced requires 1.5 
tons of raw materials, then the production of this material directly releases around 0.5 
tons of CO2. On the other hand, the auxiliary processes of the construction industry 
can also contribute to the emission of around 0.8–1.0 tons of CO2 per ton of OPC 
[2, 3]. Hence, there is an urgent need for alternative binders emphasizing sustainable 
construction practices to minimize the carbon footprint. 

Alkali-activated binders (AAB) have been extensively explored for the last few 
decades for sustainable construction materials to provide an alternative to OPC-
based but CO2-intensive materials while providing beneficial mechanical properties 
and durability. One of the main advantages of AAB is the valorization of waste 
that is usually disposed of in landfills, occupying an increasing volume every year,
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a significant sustainability concern in India. AAB is produced from the alkaline 
activation of an amorphous precursor that can be calcareous, siliceous, or silico 
aluminous. Some precursors are suitable for alkaline activation, such as fly ash (FA) 
[4, 5], ground granulated blast-furnace slag (GGBS) [6, 7], metakaolin (MK) [8], 
copper slag (CS) [9], red mud (RM) [10], ceramic tile waste (CTW) [11], rice husk 
ash (RHA) [12], silica fume (SF) [13], glass powder (GP) [4], bottom ash (BA) [14] 
that are mostly dumped as a waste material every year in India. Binary AAB can be 
assembled to further improve the mechanical and durability properties of concrete. 
Also, the most common activators are sodium-based compounds such as sodium 
hydroxide (SH) and sodium silicate (SS). 

Several studies have been conducted in choosing the precursors and activators 
based on the AAB’s potential strength, eco-friendliness, durability, and lower cost. 
However, recent studies have indicated that calcium-content-based precursors could 
significantly enhance AAMs’ hardening, strength, and setting properties [6, 7]. In 
addition to calcium, other important factors such as the curing environment and 
the alkali-activated source material type can also contribute to the development of 
concrete that is environmentally friendly. 

CTWD is a fine powder generated during the finishing processing of ceramic tile 
products. It was found that the daily waste produced by ceramic factories is approxi-
mately 30% [15]. These ceramic waste products significantly impact health, air, and 
disposal challenges. Disposing of ceramic waste in landfills causes environmental 
issues such as groundwater contamination and air pollution. Industrial solid waste 
disposal is a global issue today era. 

This study mainly studied on utilization of CTWD as an alternative precursor, 
which is rich in alumina and silica; it can be effectively used for the development of 
AAMs. The literature review on the topic revealed that not many studies had been 
studied on CTWD-based AAMs about the high concentration of molarity, higher 
binder-to-aggregate ratio, fluid-to-binder ratio, and durability [16]. Therefore, this 
research focuses on determining the optimum mix proportion based on mechanical 
and water transport properties. This study also examines the influence of specific 
parameters for developing AAMs using CTWD and the combination of FA and 
GGBS. 

2 Experimental Program 

2.1 Materials 

Preparation of AAMs includes CTWD, FA, and GGBS as precursors and Na2SiO3 

and NaOH as alkali activators. All the materials used in this research were carefully 
collected and stored in containers to avoid contamination. For the present study, 
GGBS was collected from Sri Vishnu Sai Saravana Enterprises, Visakhapatnam. Low 
calcium FA from NTPC-Simhadri thermal power plant, Visakhapatnam. The ceramic
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Table 1 Physical properties 

Particulars IS method CTWD FA GGBS 

Grain size analysis Sand (%) [17] 15.1 24.8 12.7 

Silt and clay (%) 84.9 75.2 87.3 

Consistency (%) [18] 33.7 29.8 25.5 

Specific gravity 2.51 2.15 2.85 

Autoclave expansion (%) 0.08 NA 0.045 

Table 2 Chemical characterization 

Sample CTWD (%) FA (%) GGBS (%) 

SiO2 59.62 61.34 34.25 

TiO2 0.99 1.376 0.37 

Al2O3 16.62 28.47 10.72 

MnO 0.108 0.38 0.33 

Fe2O3 3.52 4.10 0.55 

CaO 5.72 1.11 34.88 

MgO 4.533 0.40 10.98 

Na2O 0.79 0.62 0.21 

K2O 2.11 0.34 0.31 

P2O5 0.123 0.622 0.171 

SO3 3.806 0.26 7.139 

wastes were collected from sirazee tiles private limited, a ceramic manufacturer 
in Tadepalligudem, (AP) India. All precursors were sieved through 90 µm, where 
crusher dust (CD) was used as filler material. Properties of precursors used are 
presented in Tables 1 and 2. Commercial grade (SH and SS) are acquired from 
Sai Chemicals, Visakhapatnam. SH was purchased as flakes (99.58% purity), and 
anhydrous SS (ratio of Na2O: SiO2 is 1:0.2.2) was used in this research work. 

2.2 Variation of the Binder in the Mix Proportion 

Preparation of AAMs by a blend of CTWD, FA, and GGBS at varying proportions. 
NaOH of 10 molarity (10M), Alkaline solution to binder (AS/B) ratio of 0.55, and 
SS to SH ratio of 2.5 were kept constant in the trail mixes. The AAMs Mix Design 
is represented in Table 3.



386 S. Nandipati et al.

Table 3 AAMs mix design 

Mix No Binder (% by weight) AS: B B: CD SS: SH 

CTWD FA GGBS 

AAMs1 0 0 70 0.55 2.33 2.5 

AAMs2 10 10 50 0.55 2.33 2.5 

AAMs3 20 40 

AAMs4 30 30 

AAMs5 40 20 

AAMs6 50 10 

AAMs7 20 20 30 0.55 2.33 2.5 

AAMs8 30 20 

AAMs9 40 10 

AAMs10 10 40 

AAMs11 30 10 30 0.55 2.33 2.5 

AAMs12 30 10 

AAMs13 20 20 

AAMs14 40 10 20 0.55 2.33 2.5 

AAMs15 20 10 

AAMs16 50 10 10 0.55 2.33 2.5 

2.3 Preparation and Test Procedure of AAMs 

All precursors were weighted accurately. SS and SH as alkali activators were mixed 
and stored in an airtight container one day before the casting of cubes. The mixing 
process of AAMs for 2–5 min in a rotary mixer until a uniform mix is obtained. The 
consistency and homogeneity of the fresh concrete mixture are evaluated before it is 
placed into the production line. After it has been prepared, the flow rate and setting 
time of the mixture are calculated as per ASTM standards [19] and [20], respectively. 
The alkali-activated mix was taken to moulds of sizes 100 × 100 × 100 mm3 and 
140 × 40 × 40 mm3 and compacted using the table vibrator. The moulds with an 
alkali-activated mix are left for outdoor curing for one day and de-molded after 24 
h. All the samples were tested to evaluate the compressive strength at 3, 7, and 28 
days, flexural strength, and water absorption test for 28 days in outdoor curing in 
accordance with ASTM standards [21], [22], and [23] respectively.
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Fig. 1 Flow values of AAMs 

3 Results and Discussions 

3.1 Flow Value 

Figure 1 represents flow values of AAMs with a range of 13.4 cm to 24.25 cm with an 
increase of 10%–50% CTWD, respectively, compared to the control mix (AAMs1) 
of 8.2 cm. The flow value often decreased due to GGBS and FA contents. In mix 
AAMs6, flow diameter was measured to be the lowest value. The increase in the FA 
content can significantly decrease the workability of mortar materials due to their 
porous structure. On the other hand, an increase in the ceramic content can improve 
the AAMs’ workability [24]. 

3.2 Final Setting Time 

The higher volume of CTWD longer will be the setting time of mortars (62.65 
min) (Fig. 2). When the GBBS content increased, and CTWD content decreased, a 
significant reduction in setting time was observed. With the increased level of FA 
content, final setting times are increased, which is a longer setting time reported with 
AAMs16 compared to the control mix (AAMs1). Due to higher GGBS content and 
lower CTWD content, which will reduce the setting properties [25].
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Fig. 2 Final setting times of AAMs 

3.3 Hardened Density 

Figure 3 summarizes the change in AAMs densities. Increased CTWD content affects 
the AAMs’ density due to the specific gravity of ceramic particles than GGBS. In 
the comparison, AAM2 (2.254 g/cm3) with 10% CTWD, 10% FA, and 40% GGBS 
presented higher density than the control mix of AAM1 (2.396 g/cm3). Moreover, 
the AAM16 mix shows the lowest density of 1.951 g/cm3. Generally, higher density 
is observed due to the increased content of CTWD, and slag compared to FA. 

Fig. 3 Density of ternary blended AAMs at 28 days
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Fig. 4 Compressive strength of AAMs 

3.4 Compressive Strength (CS) 

Figure 4 highlights the effect of CTWD on CS of AAMs. From the experimental 
investigation, it is observed that with increase in CTWD content, the Compressive 
Strength was reduced from 58.72MPa to 15.66 MPa at the age 28 days. The significant 
strength reduction is due to a decrease in the low calcium content of CTWD and FA 
precursors. Likewise, the reduction in GBBS content from 70% (AAMs1) to 10% 
(AAMs16) led to a weakening in the CS from 66.67 to 15.66 MPa, respectively, for 
28 days. Generally, the CS increases due to the process of hydration. The decrease 
in CS is due to several factors, such as alkali activation and low reactivity of CTWD 
and FA than GGBS [24]. 

3.5 Flexural Strength (FS) 

Figure 5 presents the FS results of ternary blended AAMs. The flexural strength has 
been reduced with the effect of CTWD, which was reported to be 5.28–1.40 MPa 
at 28 days. In trail mixes, strength is significantly reduced due to FA and CTWD 
contents. At 50% CTWD, 10% FA, and 10% GGBS, lower strength of 1.40 MPa was 
observed. From this hypothesis, the method of exponential regression was applied to 
correlate the test results data given in Eq. (1), with R2 values of 0.968, respectively 
(Fig. 6). These values are relatively insignificant, lies a higher confidence interval. 

FS = 1.0288e0.0285x (1)
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Fig. 5 Flexural strength of AAMs 

Fig. 6 Relationship between CS and FS of AAMs
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Fig. 7 Water absorption of ternary blended AAMs (28 days) 

3.6 Water Absorption (WA) 

From the study, the rate of increase in WA is due to effective change in the volume 
of CTWD content (Fig. 7). Variation in alternative precursors predicts a change in 
WA from 5.67 to 10.22% when it is compared to 4.89% of control mix. The amount 
of semi-partially reacted and non-reacted particle is due to CTWD content and FA, 
which would result in a more porous structure [24]. 

Figure 8 highlights the relationship between CS and WA of AAMs. The exper-
imental study was correlated using the exponential regression approach given in 
Eq. 2. 

WA = 12.57e−0.014x (2)

4 Conclusions 

This research study investigates the evaluation of reusing CTWD to develop novel 
AAMs as sustainable alternative materials. From this current work, the following 
findings can be drawn are.
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Fig. 8 Relationship between CS and WA of AAMs

• AAMs were made more workable by adding CTWD to GGBS and FA. Increasing 
the content of CTWD proportionally increases the setting times due to chemical 
composition and less rate of reactivity. At 40% of CTWD, significant change in 
setting time has been observed.

• Variation in volumes of precursors, shows the variation of compressive strength 
between 15MPa and 58 MPa at the age 28 days, it can be used for building 
applications. At AAMs2, the Optimum compressive strength is 58 MPa for a mix 
proportion composition of 10% CTWD, 50% GGBS, and 10% FA in comparison 
to the higher volume of ceramic content with lower GGBS and FA.

• Lower percentage effect of water absorption was observed when compared to all 
AAMs with a volume of CTWD to control mix. This new type of AAM is are 
more environmentally friendly and affordable and emits fewer CO2 emissions 
than traditional OPC mortars. It also helps reduce cost and energy as part of 
sustainability.

• Use of waste industrial byproducts in AAMs will help in addressing the chal-
lenges like, mineral resource scarcity, disposal problems, optimum usage, and 
environmental pollution. As a sustainability point of AAMs incorporated with 
industrial byproducts will make material ecofriendly.
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Experimental Investigation 
on Mechanical Properties of Recycled 
Geopolymer Concrete Aggregates-Based 
Geopolymer Concrete (M40 Grade) 

N. S. M. Ravi Kumar, Prince Kumar, and S. Venkateswara Rao 

1 Introduction 

Cement is considered as the second most used material after drinking water and it 
has been estimated that the world uses 30 billion tonnes of concrete each year [1]. 
Production of one tonne of cement emits around 1 tonne of CO2 [1]. This situation 
may become critical if no remedial steps are taken to optimize the carbon emission 
from cement industries. 

Many industrial by-products are used to partially or fully replace the Portland 
cement to reduce greenhouse gas emissions related to cement manufacture. The by-
products commonly used are fly ash (FA) [2], ground granulated blast furnace slag 
(GGBFS) [3], stone waste [4], copper slag [2] etc. Agricultural residues can also be 
effective in replacing cement. Some of them are palm oil fuel ash [4], corn cob ash 
[5], rice husk ash [6, 7], wood waste ash [8] etc.  

An alternative to conventional cement concrete in recent years is found to 
be geopolymer concrete. Geopolymer mainly contains silica and alumina in high 
percentage and it is way different from cement in production. Some activators are 
required to activate it, mainly in the form of alkalies. Higher pH value enhances the 
rate of geopolymerization, so alkalies are used to dissolve the solid alumino sili-
cates by alkaline hydrolysis. As cement manufacturing produces a huge amount of 
carbon dioxide, these geopolymers have come with a great solution in this aspect of 
carbon-reduced environment [9]. 

Construction industries play a major role in the economic development of any 
nation. Due to the rapid growth in construction projects in developing nations, there 
is high demand to manage the disposable materials [1]. These disposable materials 
primarily come from either the construction or the demolition of various structures.
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Ministry of environment, forest and climate change (MoEFCC) has defined these 
“Construction and Demolition” (C&D) waste as disposable materials from repair 
and demolition work in the building sector [10]. In addition to this, the waste, which 
are generated from rehabilitation work of infrastructure projects, are also under C&D 
wastes [1]. Replacing natural aggregates with RCA partially or completely reduced 
the cost of disposal of C&D wastes and also helps in reusing the natural aggregates 
again as it still has potential left with it. 

Studies have been done on the physical properties of the geopolymer concrete 
containing various fractions of RCA. A study reflected that the workability of the fly 
ash—GGBFS based geopolymer concrete moderately increased due to the increased 
proportions of recycled aggregate [11]. The slump value was observed to be reduced 
with the increment in the fraction of recycled aggregates [11, 12]. A small increase 
was seen in both the setting times of FA-GGBFS-based geopolymer concrete with 
the increasing fractions of recycled concrete aggregates over natural ones [11]. No 
much significant changes occurred up to 20% replacement level, but decreased when 
the replacement percentage was increased [13]. For various replacement (0, 50 and 
100%) level of RCA, it was found that the young’s modulus of concrete decreased 
significantly with increase in the RCA [12]. 

There are no reputable figures available regarding the percentage of the market 
that is occupied by GPC or the volume of C&D waste that is produced by GPC on 
an annual basis. But there has been a possibility of more people using GPC instead 
of PCC, which is supported by the literature [14]. When the first structures produced 
of GPC reach the end of their usable life in the next few decades, it is projected 
that the quantity of waste GPC will make up as a percentage of the total amount 
of rubbish concrete will rapidly rise. So, the construction industry is still figuring 
out how to use GPC and trying it out in small ways. It is important to pay close 
attention to the potential problems that could arise when GPC structures reach the 
end of their usable life. This work could be a key factor in deciding the recyclability 
of geopolymer concrete aggregates. 

The present research contributes new information to our understanding of the 
application of recycled geopolymer concrete aggregates to M40 grade GPC based on 
FA and GGBFS. The characteristics of GPC made with various replacements of recy-
cled geopolymer concrete aggregates (RCA) as coarse aggregates are experimentally 
investigated in this work. Mechanical properties such as compression, split tensile 
and flexural tensile strengths as well as workability, were studied experimentally in 
this work.
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2 Experimental Program 

In this work, experimental research is done on the characteristics of GPC (M40 grade) 
at different replacements of coarse aggregates (NCA) with RCA from geopolymer 
concrete as parent concrete at an interval of 25% till 100% replacement. The recy-
cled geopolymer concrete aggregates are produced from the geopolymer concrete 
specimens after 120 days. Ambient curing was adopted for all the mixes. 

2.1 Description of Raw Materials Used 

GGBS and FA are used as blended binding materials in this study. FA (Class-F) that 
confirmed to IS: 3812-2013 was obtained from NTPC Ramagundam, India, GGBFS, 
according to IS:12089-1987, was acquired from AASTRA Chemicals, India. Table 1 
shows the physical characteristics of the FA and GGBFS. Fine aggregates meeting 
the zone-II gradation requirements of IS:383-2016 were employed in this study. The 
coarse aggregates of maximum size 20 mm and the gradation for NCA and RCA 
were maintained the same confirming to IS:383-2016. According to IS:2386-1963 
(Part I–V), the aggregates properties were examined, and the tested results are shown 
in Table 2. 

A blend of liquid sodium silicate (SS) and 14M concentration of sodium hydroxide 
(SH) as alkaline solution were used at a proportion of 2.5:1 for developing M40 grade 
GPC. Sodium silicate (silica modulus of 2.19) and sodium hydroxide of purity 98% 
were procured from AASTRA Chemical Ltd. India. Conplast SP:430 Superplasti-
cizer from Fosroc chemicals, India, was used at 4% (by weight) of binder content in

Table 1 Physical 
characteristics of GGBS and 
Fly ash 

S. No Property Fly ash GGBFS 

1 Specific gravity 2.16 2.86 

2 Blaine’s fineness (m2/kg) 381 412 

Table 2 Mechanical characteristics of NCA, RCA and fine aggregates 

Description of property NCA RCA Fine aggregates 

Specific gravity (G) 2.85 2.61 2.61 

Aggregate crushing value (%) 18.5 28.55 – 

Aggregate impact value (%) 9.16 29.87 – 

Water absorption (%) 0.276 2.79 0.935 

Los Angeles abrasion value (%) 24.5 35.44 – 

Bulk density (kg/m3) 1640 1390 1574 

Attached old mortar content (%) – 30.72 – 
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Fig. 1 a FA and b GGBFS chemical characteristics

all mixes. Figure 1 illustrates the chemical characteristics of the binding materials 
and Fig. 2 shows all the raw materials that were used for investigation in this work. 

2.2 Mix Proportions 

In this experimental investigation, mix design was prepared by referring to Llyod and 
Rangan approach [15]. The M40 grade GPC (with a target strength of 48.25 MPa at 
28 days) was developed with a binder content of 450 kg/m3 with equal proportions 
of FA and GGBFS and a solution–binder ratio of 0.45 at 14M NaOH. Extra water 
of 5% with binder content was used for workability point of view in all mixes. The 
behaviour of FA and GGBS-based GPC was studied at different replacements of NCA 
with RCA from GPC at an interval of 25% till 100% replacement. Table 3 shows the 
details of mix design particulars for NCA and RCA-based GPC. The conventional 
method of mixing procedure was adopted for M40 grade FA and GGBS-based GPC.
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Flyash+GGBS SuperPlasticizer+water Alkaline Solution 

Fine Aggregate NCA RCA 

Fig. 2 Raw materials

Table 3 Details of Mix proportions in kg per cubic meter 

MIX ID GGBFS 
(kg/m3) 

FA 
(kg/ 
m3) 

Alkaline 
solution/ 
Binder ratio 

Alkaline 
solution 
(kg/m3) 

Fine 
Aggregates 
(kg/m3) 

NCA 
(kg/m3) 

RCA (kg/ 
m3) 

RCA0 225 225 0.45 202.5 699 1049 0 

RCA25 225 225 0.45 202.5 699 787 262 

RCA50 225 225 0.45 202.5 699 524.5 524.5 

RCA75 225 225 0.45 202.5 699 262 787 

RCA100 225 225 0.45 202.5 699 0 1049 

2.3 Tests Conducted 

The fresh concrete was used to evaluate the workability and the hardened concrete 
specimens were used for mechanical characteristics. The codal provisions and the 
specimen sizes used for evaluating the influence of RCA on FA and GGBFS-based 
GPC were presented in Table 4. 

Table 4 Specimens tested and their codal standards 

Test conducted Specimen size Confirming to codal standards 

Slump (workability) – IS:1199-1959 

Compressive strength 15 × 15 × 15 cm cube IS:516-1959 

Split tensile strength 10 cm diameter × 20 cm height IS:5816-1999 

Flexural tensile strength 10 × 10 × 50 cm IS:516-1959
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3 Experimental Results and Discussions 

The behaviour of FA and GGBS-based GPC of M40 grade with various replacements 
of recycled geopolymer concrete aggregates (RCA) to natural coarse aggregates 
(NCA) is experimentally investigated in this work. The experimental study was done 
on workability (slump) and mechanical properties, such as compressive strength, 
split tensile strength and flexural tensile strength and all test results are presented in 
Table 5. 

3.1 Fresh Properties on GPC Concrete 

To determine the workability of concrete, a slump test was performed according 
to IS:1199-1959. Figure 3 shows the effect of RCA replacement content on the 
workability of GPC. The GPC displayed a reduction in slump fall with increasing 
the content of RCA replacement. 

Table 5 The combined results on effect of replacing NCA with RCA in GPC 

Mix ID Vertical slump 
(mm) 

Dry density 
(kg/m3) 

Compressive 
strength (MPa) 

Splitting tensile 
strength (MPa) 

Flexural 
strength (MPa) 

RCA0 33 2422 53.8 3.50 5.27 

RCA25 31 2389 51.7 3.32 5.08 

RCA50 29 2358 49.3 3.24 4.79 

RCA75 27 2334 47.2 2.97 4.43 

RCA100 23 2315 46.8 2.80 4.22 
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Fig. 3 Effect of RCA content on the slump of M40 Grade GPC
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Fig. 4 Hardened concrete 
specimens used in this study 

3.2 Hardened Properties of GPC 

The mechanical behaviour was studied on hardened concrete samples. Figure 4 shows 
the specimens for investigating the mechanical behaviour. 

Compressive Strength. The compressive strength was carried out using 3000 kN 
capacity of CTM as per IS: 516-1959. Figure 5 shows the specimens for compressive 
strength during testing in CTM at different RCA replacements. Figure 6 shows the 
influence of RCA replacement content on the compressive strength of M40 grade 
GPC. The target strength as per IS:10262-2019 for M40 grade of concrete is 48.25 
MPa. From the results, the GPC compressive strength shown to be reduced with 
increasing the replacement of RCA, which was due to less crushing strength of RCA 
compared to NCA. The GPC mix with 50% RCA attained higher value than target 
strength i.e., 49.3 MPa. Hence, upto 50% replacement can be treated as feasible limit 
in FA and GGBS-based GPC.

Splitting Tensile Strength. After 28 days of ambient curing, the tensile strength of 
GPC concrete cylinders based on RCA was evaluated as per IS:5816-1999. Figure 7 
shows the effects of substituting RCA for NCA in GPC on the tensile strength, and 
Fig. 8 shows the specimens after investigation of splitting tensile strength. The GPC 
splitting tensile strength shown to be reduced with increasing the replacement of 
RCA, with 100% RCA the reduction was about 20%.

Flexural Tensile Strength. After 28 days of ambient curing, the flexural tensile 
strength of GPC concrete prims was evaluated using 2-point loading as per IS:516-
1959. The specimen after testing for rupture strength was shown in Fig. 9. The effect 
of replacing NCA with RCA on FA and GGBS-based M40 grade GPC was shown 
in Fig. 10.

The flexure tensile strength of GPC shown to be reduced with increasing the 
replacement of RCA, with 100% RCA the reduction was about 19%.
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a) RCA0 b) RCA25 c) RCA50 

d) RCA25 e) RCA50 

Fig. 5 Concrete specimens during compression test a RCA0, b RCA25, c RCA50, d RCA75 and 
e RCA100 
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Compressive Strength at 28 days, Mpa Target Strength as per IS:10262-2019 

Fig. 6 Influence of RCA content on M40 Grade GPC
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Fig. 7 Effect of RCA content on the split tensile strength of M40 Grade GPC 

Fig. 8 Failed samples after splitting tensile strength test

Fig. 9 Flexure tensile 
testing of specimen
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Fig. 10 Effect of RCA content on the flexure tensile strength of M40 Grade GPC

4 Conclusions 

The experiments on GGBS-FA-based GPC mixes by integrating recycled aggregates 
are part of the current systematic investigations. At regular intervals of 25% till 100%, 
the recycled coarse concrete aggregates (RCA) were substituted for the conventional 
granite coarse aggregates (NCA). The precise findings that were reached in light of 
the workability and mechanical strength performance results were as follows:

• The workability of GPC was decrease as the replacement of NCA with RCA due 
to the additional water absorption by RCA.

• The workability reduced by 39%, upon replacing 100% natural coarse aggregate 
(NCA) with recycled concrete aggregate (RCA) in the GPC,

• Compressive and tensile strength of GPC shows that as the replacement level of 
RCA increases, the strength of the GPC mixes observed decreasing, due to lesser 
crushing strength of RCA.

• There is no much significant reduction was observed upon replacing NCA with 
25% RCA on workability and mechanical properties for M40 grade GPC.

• The incorporation of RCA in GPC shows the satisfactory results up to 50% 
replacement content in GPC mixes.

• The splitting and flexural tensile strengths were reduced by 20% and 19%, 
respectively on strength of GPC upon replacing NCA with RCA completely. 

These experimental findings, which primarily deal about the mechanical proper-
ties of the RCA-based GPC, demonstrate that a careful use of recycled geopolymer 
concrete aggregates, up to 50%, might be utilized for making the M40 grade GPC. 

Acknowledgements The authors would like to thank the DST-SERB for financial assistance.



Experimental Investigation on Mechanical Properties of Recycled … 405

References 

1. York IN, Europe I (2021) Concrete needs to lose its colossal carbon footprint. Nature 597:593– 
594. https://doi.org/10.1038/d41586-021-02612-5 

2. Mehra P, Thomas BS, Kumar S, Gupta RC (2016) Jarosite added concrete along with fly ash: 
properties and characteristics in fresh state. Perspect Sci 8:69–71. https://doi.org/10.1016/j. 
pisc.2016.03.012 

3. Zawrah MF, Gado RA, Feltin N, Ducourtieux S, Devoille L (2016) Recycling and utilization 
assessment of waste fired clay bricks (Grog) with granulated blastfurnace slag for geopolymer 
production. Process Saf Environ Prot 103:237–251. https://doi.org/10.1016/j.psep.2016.08.001 

4. UI Islam MM, Mo KH, Alengaram UJ, Jumaat MZ (2016) Durability properties of sustainable 
concrete containing high volume palm oil waste materials. J Clean Prod 137:167–177. https:// 
doi.org/10.1016/j.jclepro.2016.07.01 

5. Charitha V, Athira V, Jittin V, Bahurudeen A, Nanthagopalan P (2021) Use of different agro-
waste ashes in concrete for effective upcycling of locally available resources. Constr Build 
Mater 285:122851. https://doi.org/10.1016/j.conbuildmat.2021.122851 

6. Siddika A, Amin MR, Rayhan MA, Islam MS, Mamun MAA, Alyousef R, Amran YHM (2021) 
Performance of sustainable green concrete incorporated with fly ash rice husk ash and stone 
dust. Acta Polytech 61(1):279–291 

7. Siddika A, Mamun MAA, Ali MH (2018) Study on concrete with rice husk ash. Innov Infrastr 
Solut 3(1). https://doi.org/10.1007/s41062-018-0127-6 

8. Arunkumar K, Muthukannan M, Suresh A, Ganesh AC (2022) Hybrid fibre reinforced eco-
friendly geopolymer concrete made with waste wood ash: a mechanical characterization study. 
Eng Appl Sci Res 49:235–247. https://doi.org/10.14456/easr.2022.26 

9. Akbarnezhad A, Xiao JZ (2017) Estimation and minimization of embodied carbon of buildings: 
a review. Buildings 7(1):5. https://doi.org/10.3390/buildings7010005 

10. Ministry of Environment, Forest and Climate Change (MoEFCC). http://www.moef.nic.in/ 
sites/default/files/SWM20160 

11. Hu Y, Tang Z, Li W, Li Y, Tam VWY (2019) Physical-mechanical properties of fly ash/GGBFS 
geopolymer composites with recycled aggregates. Constr Build Mater 226:139–151. https:// 
doi.org/10.1016/j.conbuildmat.2019.07.211 

12. Xie J, Wang J, Rao R, Wang C, Fang C (2019) Effects of combined usage of GGBS and fly ash 
on workability and mechanical properties of alkali activated geopolymer concrete with recycled 
aggregate. Compos Part B Eng 164. https://doi.org/10.1016/j.compositesb.2018.11.067 

13. Shaikh FUA (2016) Mechanical and durability properties of fly ash geopolymer concrete 
containing recycled coarse aggregates. Int J Sustain Built Environ 5(2):277–287. https://doi. 
org/10.1016/j.ijsbe.2016.05.009 

14. El-Naggar KAM, Amin ShK, El-Sherbiny SA, Abadir MF (2019) Preparation of geopolymer 
insulating bricks from waste raw materials. Constr Build Mater 222:699–705 

15. Lloyd NA, Rangan BV (2010) Geopolymer concrete with fly ash. In: Second international 
conference sustainable construction materials technology, vol 7

https://doi.org/10.1038/d41586-021-02612-5
https://doi.org/10.1016/j.pisc.2016.03.012
https://doi.org/10.1016/j.pisc.2016.03.012
https://doi.org/10.1016/j.psep.2016.08.001
https://doi.org/10.1016/j.jclepro.2016.07.01
https://doi.org/10.1016/j.jclepro.2016.07.01
https://doi.org/10.1016/j.conbuildmat.2021.122851
https://doi.org/10.1007/s41062-018-0127-6
https://doi.org/10.14456/easr.2022.26
https://doi.org/10.3390/buildings7010005
http://www.moef.nic.in/sites/default/files/SWM20160
http://www.moef.nic.in/sites/default/files/SWM20160
https://doi.org/10.1016/j.conbuildmat.2019.07.211
https://doi.org/10.1016/j.conbuildmat.2019.07.211
https://doi.org/10.1016/j.compositesb.2018.11.067
https://doi.org/10.1016/j.ijsbe.2016.05.009
https://doi.org/10.1016/j.ijsbe.2016.05.009


Studies on Evaluation of Structural 
Properties of Mixed Multi-layered 
Recycled Plastic Lumber 

Upasana Surya Kiran , M. N. Shariff , and U. M. Sulthana 

1 Introduction 

Plastic is one of the most useful manufactured materials to date. However, they 
are non-biodegradable and often lead to environmental pollution [1]. Up-scaling of 
plastic and reuse is not very common, especially with domestic plastic waste. To 
reduce the impact on landfills and use plastic waste in a useful manner, some up-
scaling of plastic in the form of recycled plastic lumber (RPL) has been attempted in 
the past [2]. The use of RPL has been successfully demonstrated in manufacturing 
outdoor furniture which are subject to low stresses [3]. Recycled PET (Polyethy-
lene Terephthalate) is used as geotextiles, roof insulations, and apparel [4]. Recy-
cled plastic tiles have also been recently used in the construction of pavements in 
Bengaluru, India [5]. Recycled plastic aggregate has been extensively used in the 
manufacturing of sustainable concretes [6]. However, the quantity of recycled plastic 
consumed in concrete is only a fraction and hardly solves the problem at hand. One 
of the major drawbacks of RPL has been to maintain consistency in the material 
properties. Further, low compression and flexural modulus and low density seem to 
limit their applications in load-resisting structural forms. RPL inherently exhibits a 
visco-elastic behaviour leading to increasing deformations under sustained loads [7].
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It is known that the properties of RPL are dependent on the thermal treatment they 
are subjected to. When RPL is subjected to higher temperatures, it has shown lesser 
strength in comparison to specimens subjected to cooler or sub-zero temperatures 
[8]. RPL is also susceptible to fire, as it has very low fire rating. Nevertheless, RPL 
has been used in marine pilings and corrosive environments and has shown durable 
performance [9]. 

Despite the drawbacks, RPL can potentially become an alternate structural 
construction material on a large scale through engineered solutions. The absence 
of standard codal provisions limits its use at a commercial scale. Recycled plastic 
lumber manufactured using multi-layered plastics (RPL-MLP) (collected through 
domestic waste) can be engineered as a sustainable material for developing struc-
tural members. To test the efficacy of this material, it is necessary to ascertain its 
mechanical properties. 

In this present study, mixed multi-layered recycled plastic sourced from domestic 
waste is studied. The lumber elements are manufactured by commercial plastic 
manufacturers in Mumbai. The mechanical properties such as tensile strength, flex-
ural strength, compression strength, flexural modulus, compression modulus, tensile 
modulus, shear strength, coefficient of thermal expansion, specific density, and 
exposure to high temperatures are studied through experiments. 

2 Experimental Program 

The main objective of this testing program is to understand the mechanical properties 
of RPL and ascertain its use in structural applications. The tests were carried out at 
Indian Institute of Technology, Bombay and the National Institute of Technology, 
Tiruchirappalli. All mechanical property tests were carried out in ambient conditions 
of 27 °C (± 3 °C).  

2.1 Compression Tests 

Using the RPL samples available, cubes of size 31 mm × 31 mm × 31 mm were cut 
and milled ensuring the specimen to be square and having straight edges, without 
any visible internal defects (cavities) as shown in Fig. 1. The samples were weighed 
and their densities evaluated. The compression tests were carried out in compliance 
with ASTM D695-15 standards [10] using a servo-controlled strain-based universal 
testing machine. The testing was conducted at a rate of loading corresponding to 
0.5 mm/min. The test was carried out on three samples to verify the repeatability and 
consistency.

The failure pattern of the cube failed in compression due to crushing is shown in 
Fig. 2.
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Fig. 1 Compression cube

Fig. 2 Failure pattern of 
cube in compression 

The corresponding stress vs strain plots generated are shown in Fig. 3. The peak 
compressive stress is in the range of 22.5 to 28 MPa which can be attributed to 
the micro-voids present inside the sample. The strain at peak stress (∈pk) lies in 
the range of about 0.12–0.25, whilst the strain at ultimate (∈u) is 0.40–0.44. The 
initial stiffness (modulus of elasticity Ecomp) of the three samples is ranged between 
280 and 353 MPa. Even though having a disadvantage in terms of low compression 
modulus, it can still be used in high-deformable structures with the help of appropriate 
investigations. Such materials find applications in high-seismic regions, where the 
drift demands can be significant. The addition of fillers and additives can further 
improve the compression modulus and density of the corresponding material used 
in the present study.
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Fig. 3 Stress–strain curve of 
RPL under compression 

Fig. 4 Stress–strain curve of 
RPL under compression 

A parallel test was also carried out at NIT Trichy on a load-controlled UTM under 
the conditions of being thermally treated at 105 °C. 

The corresponding stress vs strain plots generated are shown in Fig. 4. The peak 
compressive stress is in the range of 26–34 MPa, which can be attributed to micro-
voids present inside the sample. The strain at peak stress (∈pk) is in the range of 
about 0.17–0.22, whilst the strain at ultimate (∈u) is about 0.22–0.3. This shows that 
the RPL member is highly deformable under compression. 

2.2 Tension Tests 

Efforts were done to conduct tension tests on dog-bone shaped samples cut out of 
RPL members following the relevant ASTM D638-22 standards [11]. The specimen
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had a cross-section size of 19 mm  × 19 mm and gauge length of 50 mm as shown 
in Fig. 5. The tests were conducted using a displacement-controlled UTM at a rate 
of 5 mm/min as shown in Fig. 6. 

There were challenges in carrying out the tension test on the UTM as the grips 
had to be prestressed to an optimal value without crushing the specimen. Rectangular 
mild steel plates were attached to the bulk heads of the specimen to avoid the crushing. 
After a few initial trials, the gripping pressure could be controlled, and the test was 
carried out. 

The failure pattern of the dog-bone sample failed in tension is shown in Fig. 7.
The corresponding stress–strain plots generated are shown in Fig. 8. It was  

observed that the peak tensile stress is 3.0 MPa. The initial tensile stiffness (modulus 
of elasticity Eten) is about 210 MPa. The strain at peak tensile stress (∈tpk) is about 
0.025, whilst the tensile strain at ultimate (∈tu) is 0.05. This shows that the RPL 
member is highly deformable under tension.

Fig. 5 Dog-bone shaped 
specimen for tensile test 

Fig. 6 Failure of dog-bone 
shaped specimen 
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Fig. 7 Failure pattern of dog-bone shaped Specimen in tensile test

Fig. 8 Stress–strain graph of tension test 

2.3 Flexure Tests 

Flexure tests were conducted on RPL samples cut out of lumbers following the 
ASTM D6109-19 standards [12]. The specimens had a size of 600 mm × 120 mm 
× 30 mm as shown in Figs. 9a and b.

The specimens were tested in both joist and plank positions with joist position 
and plank position conduction of testing shown in Figs. 9a and b, respectively. The 
failure pattern of the flexure beam (joist position) is shown in Fig. 9c, whilst for the 
plank position it is shown in Fig. 9d. The tests were carried out in a load-controlled 
bending test machine with a rate of loading of 20 N/s. 

The load–deflection plot of the specimen in joist and plank positions is shown in 
Figs. 10 and 11, respectively. The flexural strength for the corresponding material was 
determined to be about 11.08 MPa and 45.3 MPa for the specimen kept in plank and 
joist position, respectively. The flexural modulus Eflex for joist and plank positions 
ranges from 10.5 MPa to 12.9 MPa and 6.3 to 6.7 MPa, respectively.



Studies on Evaluation of Structural Properties of Mixed Multi-layered … 413

(a) Specimen kept in joist position (b) Specimen kept in plank position 

(c) Failure pattern of specimen in joist position    (d) Failure pattern of specimen in plank position   

Fig. 9 Flexural tests

Fig. 10 Load–displacement graph in Joist position for 2 specimens

2.4 Shear Tests 

Shear tests were conducted on RPL samples cut out of lumbers in accordance with 
ASTM D732-17 [13]. The specimens prepared were 50 mm × 50 mm (square 
shaped), having a thickness of 10 mm and a central hole of 11 mm diameter, to
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Fig. 11 Load–displacement graph in plank position for 2 specimens

facilitate the failure of specimens as shown in Fig. 12a. Five samples were tested to 
check the repeatability of results by maintaining the rate of loading as 0.5 mm/min 
and corresponding stress–strain curve is shown in Fig. 13. The punch shear toolbox 
was fabricated in-house for conducting this test following relevant ASTM code as 
shown in Fig. 12c and the conduction of test is shown in Fig. 12d. The failure pattern 
of the specimen is shown in Fig. 12b. The shear strength was found to be ranging 
from 7.47 to 9.31 MPa.

2.5 Specific Gravity 

In the present study, efforts have been carried out to find the specific gravity and bulk 
density of RPL-MPL (Recycled Plastic Lumber-Multi-Layered Plastic) using water 
displacement method. 

Efforts were also made to conduct the determination of specific gravity test using 
GP Thinner (specimens were able to sink fully in that instead of water) using the 
methodology described in ASTM D6111-19 standards [14], however, the results 
were not conclusive. Thus, results using that method were discarded. 

The specimens used here were squared prisms of dimensions 60 mm × 30 mm 
× 30 mm as shown in Fig. 14.

A beaker was filled with water up to the mark of 700 ml. Then after sinking the 
RPL-MPL specimens in each case, the water mark increased to 750 ml. Thus, volume 
displacement in this case was found to be 50 ml for each specimen and accordingly,
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(a) Shear specimen before testing                          (b) Failed shear specimen 

(c) Shear punch-tool setup box (d) Shear test in progress 

Fig. 12 Shear tests

the weight of each specimen in water would be 50 g. The average specific gravity 
was found to be as 1.03 and detailed readings are tabulated as shown in Table 1.

2.6 Coefficient of Thermal Expansion 

Linear coefficient of thermal expansion (α) was determined after keeping six recycled 
plastic lumber specimens having dimensions of 60 mm × 30 mm × 30 mm as shown 
in Fig. 14 at the temperatures prescribed in ASTM D6341-21 standards [15] for not 
less than 48 h. It was observed that α varied significantly between the specimens as 
shown in Table 2.

The results of all tests carried on RPL are summarised in Table 3.
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Fig. 13 Stress–strain graph for shear tests of 5 specimens

Fig. 14 Squared Prism shaped recycled plastic lumber specimens

Table 1 Determination of specific gravity 

S. No. 
(specimens) 

Weight of 
specimen in air 
(g) 

Volume 
displacement = 
weight of 
specimen in 
water (g) 

Specific gravity 
(weight of 
specimen in air/ 
weight of 
specimen in 
water) 

Bulk density (kg/ 

m3) 

1 53.0 50 1.060 981 

2 51.8 50 1.036 959 

3 51.9 50 1.038 961 

4 50.9 50 1.018 942 

5 49.9 50 0.998 924
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Table 2 Linear coefficient of thermal expansion 

Specimen No Initial length (mm) Temperature (°C) Changed length 
(mm) 

Linear coefficient 
of thermal 
expansion 
1 
L0 

× (L2−L1) 
(T2−T1) 

1 60.6 − 34 60 9.104 × 10−4 

2 62.7 24 63.2 4.124 × 10−4 

3 62 − 34 61.7 9.171 × 10−4 

4 61.5 60 61.7 2.258 × 10−4 

5 61.1 24 61.2 2.273 × 10−4 

6 60.1 60 60.3 4.068 × 10−4

Table 3 Combined test 
results Properties Values 

Compressive strength (MPa) 25.86 

Compressive modulus of elasticity (MPa) 325.00 

Tensile strength (MPa) 2.98 

Tensile modulus of elasticity (MPa) 208.00 

Shear strength (MPa) 8.68 

Specific gravity 1.03 

Linear coefficient of thermal expansion (α) 4.33 × 10−4 

Flexural modulus for joist position (MPa) 11.71 

Flexural modulus for plank position (MPa) 6.53 

Flexural strength for joist position (MPa) 45.38 

Flexural strength for plank position (MPa) 11.08 

3 Conclusion 

The points listed below were drawn in the form of conclusions from the present 
study.

• The compressive strength of the RPL specimens used in this study was about 
25 MPa, which is comparative to normal strength concrete. Hence, the material 
can be used to resist compressive forces when acted upon it. However, the initial 
compression modulus was found to be only about 325 MPa, which is significantly 
lesser than concrete having similar compressive strength. This implies that the 
material would undergo larger deflections when subjected to the same load.

• The tensile strength of the RPL specimens used in this study was about 3 MPa, 
which is comparative to normal strength concrete.

• The flexural and shear strength of the RPL specimens used in this study was about 
(45 MPa for joist position and 11 MPa for plank position) and 9 MPa respectively.
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• The material can be used in constructing low stress structural elements, where 
deflections are not a concern. However, more tests are needed to confirm its fire 
resistance and bonding with reinforcement. This material can be then used in 
constructing structural members. 
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Experimental and Numerical 
Investigation on Stress–Strain 
Relationship of Graphene Oxide and Fly 
Ash-Based Concrete Under Axial 
Compression 

P. V. R. K. Reddy and D. Ravi Prasad 

1 Introduction 

Cement is the most significant and commonly used building material, which is a 
major component of both mortar and concrete. A significant method for enhancing the 
rheological, strength, durability, and other characteristics of cement composites is the 
introduction of admixtures [1] and fibres [2]. Cement paste performance has recently 
been improved due to the implementation of nanomaterials like carbon nanotubes 
(CNTs) and graphene [3, 4]. Several investigations on the impact of CNTs on hydra-
tion and strength characteristics of cementitious composites have been performed [3]. 
The flexural and compressive strengths were enhanced by the incorporation of small 
quantity of CNTs into cement composites [5]. The primary CNT-involved reactions 
in cement matrix include the nucleation effect, the filling of microscale capillary 
pores, and nanoscale gel pores. However, due to their intense van der Waals forces 
and high aspect ratios, CNTs frequently form CNT bundles [6]. Additionally, it has 
been stated that weak matrix bonding is indicated by CNTs sliding away from the 
cementitious matrix when under tension [7]. As a result of their low dispersion and 
weak interaction with the cementitious matrix, CNTs have only had a limited impact 
on the characteristics of cementitious materials. 

Graphene oxide (GO), a two-dimensional graphene derivative, has a variety of 
oxygenated functionalities, such as carboxyl and carbonyl groups located at the sheet 
edges, and hydroxyl and epoxy groups on their basal planes, which make GO sheets
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hydrophilic [8]. Owing to the existence of these oxygenated functionalities, GO can 
easily produce stable dispersion in water that is generally composed of 1-nm-thick 
sheets, unlike CNTs. When it comes to mechanical characteristics, the modulus of 
elasticity and tensile strengths of GO are about 32 GPa and 130 MPa, respectively, 
values that are higher than that of cementitious materials [8]. Owing to its large 
surface area and excellent mechanical characteristics, GO is increasingly being used 
in a variety of applications [9]. The ability to produce massive quantities of GO 
from cheap graphite powder is very significant. Because GO offers an additional 
dimension of interface with cement matrix, it may be preferable to 0D nanoparticles 
and 1D nanotubes for changing a variety of matrix parameters such as mechan-
ical, rheological, and permeability characteristics [10]. As a result, compared to 
cement composites reinforced with CNT, GO exhibits a higher growth in compres-
sive strength at a small content. The addition of GO to cement can control hydration 
as well as enhances flexural, tensile, and compressive strengths of cement paste [4, 
11, 12]. The cement composites showed a significant growth in flexural strength 
(61%), tensile strength (79%), and compressive strength (39%) when the dosage of 
GO was 0.03% [11]. However, the incorporation of GO into cement influences the 
workability and enhanced rheological characteristics, comparable to other nanoma-
terials like CNTs and nano-silica [4, 12]. Mini-slump test with the addition of GO at 
0.20 weight percent revealed that the workability was reduced by about 19% [12]. 

However, few studies have examined how GO affects the behaviour of cement 
concrete and the majority of previous works have emphasized on microstructural 
and mechanical behaviour of cement paste and cement mortar with the incorpora-
tion of GO. The combined effect of fly ash and GO on compression behaviour of 
cement concrete is a vital question that has not yet been investigated. The combined 
effect of fly ash and GO on the compression behaviour of cement concrete has been 
investigated in this study. Additionally, the finite element-based ATENA-GiD soft-
ware was used to create the nonlinear numerical model with the experimental results 
to simulate the uniaxial compression behaviour. This study aims to present a thor-
ough understanding of the compression stress–strain behaviour of concrete with the 
combination of GO incorporation and fly ash replacement. 

2 Experimental 

2.1 Materials 

The materials employed in the present experimental study are ordinary Portland 
cement (OPC) of 53grade conforming to IS:269, fly ash of Class F conforming to 
IS:3812(Part-1), Polycarboxylate ether-based superplasticizers (PCE) conforming to 
IS:9103, sand and coarse aggregate (CA) conforming to IS:383. 

The technical characteristics of the GO, which has been utilized in this study 
as a nanomaterial, are presented in Table 1. The concentration of GO solution was
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maintained at 4 g/L, and ultrasonication was used to disperse it in water. In order 
to characterize GO, SEM, EDX, FTIR, and XRD studies were conducted and the 
findings are presented in Fig. 1. It can be seen in the scanning electron micrograph 
of GO in Fig. 1a, the surface morphology is folded and wrinkled. The composition 
of elements in GO is shown in Fig. 1b, and it consists of 75.28% carbon, 24.38% 
oxygen, and 0.34% sulfur. FTIR spectra shown in Fig. 1c provide evidence that the 
surface of GO possesses oxygenated functions. The XRD pattern shown in Fig. 1d 
illustrates that the diffraction peak appeared at an angle of 2θ = 11.9° with the spacing 
between the layers was 0.74 nm. 

Table 1 Technical characteristics of GO 

Purity Number of layers Average lateral 
dimension 

Thickness Surface area Bulk density 

99% 1–4 5–10 μm 0.8–2 nm 100–240 m2/g 0.124 g/cm3 

Fig. 1 Microstructure of GO a SEM, b EDX, c FTIR, d XRD
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Table 2 Mix proportions of concrete per m3 

S. No Mix W/C ratio PCE (%) GO (kg) Fly 
ash (kg) 

OPC (kg) Sand (kg) CA (kg) 

1 CC 0.45 0.6 0 0 375 840 1060 

2 CG 0.45 0.6 0.56 0 375 840 1060 

3 CGF10 0.45 0.6 0.56 37.5 337.5 840 1060 

4 CGF20 0.45 0.6 0.56 75.0 300 840 1060 

5 CGF30 0.45 0.6 0.56 112.5 262.5 840 1060 

2.2 Concrete Specimen Preparation 

The mix proportions of concrete considered in the present investigation are shown in 
Table 2 and are in compliance with IS: 10262–2019 standard. Water to cementitious 
material ratio (w/c) in all mixes was 0.45. Five concrete mixes were considered and 
designated as CC, CG0, CGF10, CGF20, and CGF30. The GO was added to the 
concrete at 0.15% and the fly ash at different percentage replacements of 0%, 10%, 
20%, and 30% by cement weight. The overall water content, including the mixing 
water and GO dispersion in water, was 168.75 kg/m3. To obtain a uniform mix, all the 
concrete mix constituents were mixed for about 4–6 min in a power-driven mixer. The 
fresh concrete mix is poured into moulds and vibrated using an electrical vibrating 
table. Concrete moulds were then wrapped and cured for 24 h. Subsequently, the 
specimens were taken out and cured at a standard condition until they were tested. 

2.3 Compressive Strength 

According to ASTM C39/C39M-18, compressive strength test is executed on a cylin-
drical specimen of 100 mm in dia and 200 mm in height using a 200 T capacity 
compression testing machine at the curing periods of 7 and 28 days. The test is 
carried out at a rate of 250 ± 50 kPa/s, the load was applied gently without shock 
until the load indicator began to progressively decline. For each test, the maximum 
load applied to each specimen was noted, and average load value of 3 specimens was 
noted. 

2.4 Stress–Strain Behaviour 

A uniaxial compression test was carried out on a cylindrical specimen with dimen-
sions of 100 mm in dia and 200 mm in height to assess the stress–strain behaviours 
of concrete mixes. At a rate of loading 0.25 ± 0.05 MPa/s, the load has been applied 
monotonously without shock. A data acquisition system that has been coupled to a
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load cell and LVDTs was used to measure the specimen’s longitudinal deformations 
in response to the load applied. 

2.5 Static Modulus of Elasticity 

Static modulus of elasticity was evaluated as per ASTM C469-14. This test procedure 
is developed to evaluate the elastic chord modulus of concrete cylinders that have 
received longitudinal compressive stress. The ratio of the change in compressive 
stress and longitudinal strain at two places on the stress–strain curves has been used 
to obtain elastic chord modulus. The first point is considered at 0.000050 mm/mm 
longitudinal strain, whilst the second point at a load of 40% of the ultimate load. The 
average of three identical specimens was taken into account. 

2.6 Numerical Modelling 

A finite element software was used to perform the nonlinear numerical modelling. In 
the current investigation, ATENA-GiD software was utilized to simulate the stress– 
strain relation of concrete with GO and fly ash. GiD is an interactive tool for geometric 
modelling that also acts as the data source for ATENA analysis. The material char-
acteristics of a model were derived from the findings of experiments. The behaviour 
of concrete produced with GO and fly ash was modelled as nonlinear with softening 
portion under uniaxial stress. 

3 Result and Discussions 

3.1 Compressive Strength 

Compressive strength of concrete samples CC, CG, CGF10, CGF20, and CGF30 at 
7 and 28 days is shown in Figs. 2 and 3. Compressive strength of all samples of CC, 
CG, CGF10, CGF20, and CGF30 increased with the curing age. It can be revealed 
that the compressive strength of CG was greater than the CC mix at 7 and 28 days. 
Furthermore, growth rate in strength at 7 days was higher than 28 days. These findings 
are consistent with relevant research findings [9, 12, 13]. The compressive strength of 
CG mix was enhanced by 58.2% and 47.7% compared to the CC mix. The oxygenated 
functional groups that are connected to GO nanosheets remain unchanged due to the 
fact that GO functions as a catalyst and contributed to the acceleration of the cement 
hydration process. These oxygen functionalities serve as active locations for cement 
particle attraction. Thus, the presence of GO enhanced the cement composite at the
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nano-level, resulting in the compressive strength improvement of concrete composite 
incorporated with nano-GO compared to the CC mix [9, 12]. Replacing cement with 
fly ash was diminished compressive strength of the CGF10, CGF20, and CGF30 
mixes compared to the CG mix. However, compressive strength in CGF10, CGF20, 
and CGF30 mixes was improved compared to that in CC mix at curing period of 
7 and 28 days. The improvement of compressive strength in CGF10, CGF20, and 
CGF30 compared to CC was 51.6%, 45.4%, and 20.7% at 7 days, and 41.9%, 35.9%, 
and 13.8% at 28 days, respectively. The disadvantage of fly ash in delaying strength 
improvement at early stage was offset by GO [14]. 

Fig. 2 Results of 
compressive strength 
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Fig. 3 Percentage change in 
compressive strength

0 

15 

30 

45 

60 

75 

CC CG CGF10 CGF20 CGF30 

%
 c

ha
ng

e 
in

 c
om

pr
es

si
ve

 st
re

ng
th

 7 days 

28 days 



Experimental and Numerical Investigation on Stress–Strain … 427

Fig. 4 Stress–strain 
relationship 
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3.2 Stress–Strain Behaviour 

The stress–strain curves of all concrete mixes at a curing period of 28 days were 
shown in the Fig. 4. The stress–strain plots were plotted by considering the average 
values of the three similar specimens. The stress–strain plots show that the incorpo-
ration of GO has a significant influence on the stress–strain relationship. This can be 
due to the GO nanosheets, which have high surface area to weight ratio, the nucleation 
process for the production of hydration products is accelerated, and strong covalent 
connections are formed at the interface between the cement matrix and the disper-
sion [9, 12]. However, the CGF10, CGF20, and CGF30 mixes containing cement 
replacement with fly ash along with the incorporation of GO exhibited the improve-
ment in stress–strain behaviour compared to the CC mix. The findings demonstrated 
that appropriate quantities of fly ash replacement and GO addition improved the 
stress–strain behaviour of concrete mixes [10, 14, 15]. 

3.3 Static Modulus of Elasticity 

The elastic modulus of various concrete mixes was shown in Fig. 5. It can be seen 
that the CG mix showed highest improvement in static elastic modulus at 28 days 
curing compared to CC mix. Several investigations on the impact of GO addition in 
cementitious composite have shown that GO enhances static modulus of elasticity 
whilst improving mechanical interlocking of the cement matrix interface reinforced 
with GO [9, 12]. The improvement in static elastic modulus of CG, CGF10, CGF20, 
and CGF30 mixes was 28.7%, 26.1%, 21.2%, and 8.7%, respectively, compared 
to the CC mix. Because of its reinforcing effect on concrete strength and elastic 
modulus, GO is a potential reinforcement in concrete composites [9–14].
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Fig. 5 Static modulus of 
elasticity 
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3.4 Numerical Modelling 

Finite Element Method (FEM) is a powerful tool for simulating the behaviour of 
concrete. Experimental data was used to create and evaluate a finite element model 
of a CGF cylinder. The ATENA-Gid software tool was used to generate a finite 
element model of the specimen. Hexahedron and tetrahedron elements were used 
to develop the FEM model in ATENA-Gid. The concrete was represented by the 
hexahedron element, whilst the elastic support was represented by the tetrahedron 
element. The material properties obtained from the experimental results were used to 
simulate the cylinder. The details of the discretized model are shown in Fig. 6. Stress– 
strain behaviour of concrete mixes using numerical analysis is shown in Fig. 7. The  
strength values of experimental and numerical analysis are compared and presented in 
Table 3. The numerical analysis results are consistent with the experimental findings 
with less than 15% error.

4 Conclusions 

The present study investigated the incorporation of GO at constant dosage with 
various percentage replacements of cement with fly ash in developing a concrete 
composite. The following are the conclusions of the present investigation.

1. The developed concrete composite has remarkably increased the compressive 
strength by 47.7–13.8% with constant GO at 0.15% and the fly ash replacements 
at 0–30%. 

2. The combined effect of GO and fly ash has shown improvement in stress–strain 
behaviour concrete composite compared to control concrete mix.
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Fig. 6 The details of the discretized model 
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Fig. 7 Stress versus strain of all concrete mixes from ATENA 

Table 3 Comparison strength values of experimental and FEM model 

S. No Mix Experimental ATENA Error 

1 CC 35.30 39.76 12.64 

2 CG 52.10 59.09 13.42 

3 CGF10 50.00 57.66 15.32 

4 CGF20 47.89 54.92 14.68 

5 CGF30 40.10 45.67 13.89
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3. The static modulus of elasticity of the developed concrete composite was 
enhanced by 28.7–8.7% with constant GO at 0.15% and the fly ash replacements 
at 0–30%. 

4. It is also concluded that the FEM software ATENA may be effectively used in 
the validation of experimental findings with less than 15% error, minimizing the 
resources and effort needed in the experimental investigation. 

According to the findings of this study, using fly ash as a supplementary cementi-
tious material in combination with GO improves mechanical characteristics and may 
therefore be considered a sustainable alternative to conventional concrete. 
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Flexural Behaviour of Hybrid 
and Graded Fibre Reinforced Concrete 

P. Anuradha, D. Annapurna, and K. L. Radhika 

1 Introduction 

Concrete is the most widely used construction material in the world due to its ability 
to get cast in any form and shape. However, concrete has some deficiencies like, Low 
tensile strength, Low post cracking capacity, Brittleness and low ductility, Limited 
fatigue life etc. 

The fundamental problem of normal cement concrete is caused by the micro-
cracks that exist at the mortar-aggregate boundary. This condition can be overcome 
by incorporating fibres into the composition. Various fibre types, such as those found 
in conventional composite materials, can be added to the mix to make concrete more 
durable or capable of resisting the development of cracks. These fibres assist in load 
transmission at the interior micro-cracks. This form of concrete is known as fibre-
reinforced concrete (FRC). 

Fibre is a small piece of reinforcing material that possesses certain characteris-
tics which make its uniqueness in arresting the cracks when it is incorporated into 
concrete. Fibre besides arresting cracks also improves the static as well as the dynamic 
properties of the concrete [1, 2]. Fibre Reinforced Concrete is a composite mate-
rial consisting of mixtures of cement, coarse aggregate, fine aggregate, or concrete 
and discontinuous, discrete, uniformly dispersed fibres. Based on fibre used, Fibre 
reinforced concrete is of different types and also the properties of fibre reinforced 
concrete get enhanced. The hybridization of fibres provides improved specific or 
synergistic characteristics not obtainable by addition of a single fibres. The fibres
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in hybrid concrete increase the Flexural strength, Impact strength, and Toughness 
properties of concrete [3]. The small and soft fibres control crack initiation and prop-
agation of small cracks [4]. The important factor which influences the properties and 
behaviour of fibre reinforced concrete is the aspect ratio of fibre. Hybrid Fibre Rein-
forced Concrete (HFRC) utilizes complementary fibres to improve the properties of 
concrete, and the performance of HFRC is better than that of a single FRC [5]. 

Basalt fibre is a new environmental protection fibre, hence, vast research work is 
being carried out. Basalt fibre is prepared by melting basalt stone at 1450–1500 °C 
through Platinum rhodium alloy bushing. Basalt fibre has a higher modulus of elas-
ticity, better temperature resistance, impact resistance, and chemical stability than 
ordinary glass fibre. It is cost-effective when compared to glass fibre [6]. Therefore, 
an attempt has been made to investigate the Mechanical Properties, mainly focusing 
on the Flexural Behaviour of Steel and Basalt Fibres reinforced concrete beams, 
having fibres of different lengths and proportions. Investigation is carried on the 
effectiveness of Hybrid and Graded fibres in arresting the macro- and micro-cracks 
in concrete, which are responsible for the early failure. 

2 Experimental Investigation 

The Present experimental work is carried out in four stages. 

2.1 Materials 

The following ingredients were utilized in the current project: OPC 53 grade (Ordi-
nary Portland Cement), Fly Ash (FA), Alcco fine, Polycarboxylate Ether (PCE) as 
super plasticizer, Fine Aggregate, Coarse Aggregate, Water, Crimped Steel fibres (50 
and 12.5 mm) (Fig. 1), and chopped Basalt fibres (6 mm) (Fig. 2). Alccofine (Fig. 3) 
is a special class micro-fine calcium silicate concrete material of particle size much 
less than Cement, FA, and silica fume. It is normally used in high Strength Concrete 
which is important in respect of workability as well as strength. The specific gravity 
of Alccofine is observed as 2.83. 

Fig. 1 Steel fibres 50 and 12.5 mm
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Fig. 2 Basalt fibre 

Fig. 3 Alccofine 

Based on the trial mixes, the compositions for M40 grade concrete were obtained 
as stated in Table 1. 

In the first stage, Graded steel fibre reinforced concrete is prepared using crimped 
Steel fibres cold drawn type, from mild steel wire of length 12.5 mm and 50 mm. 
These steel fibres were added in the proportions of 75:25, 50:50, and 25:75 for the 
fibre volumes of 0.5%, 1.0%, 1.5%, and 2.0%. For each proportion of fibres in each 
volume of fibres, 6 cubes of standard size 150 mm were cast to identify the volume 
with the best proportion of steel fibres based on 28 days compressive strength. The 
total number of cubes casted in this stage is 72. 

In the next stage, Graded steel fibres were mixed with chopped Basalt fibres 
making it a Hybrid Graded Fibre Reinforced Concrete (HGFRC). The steel and 
basalt fibres combinations tried here are 100:0, 80:20, 60:40, 40:60, 20:80, 0:100. 
To find out the best mix proportion from the different volumes selected based on the 
detailed literature survey [7–9] conducted on various grades of concrete, the fibre 
volume to be incorporated into the concrete has been fixed as 0.5%, 1.0%, 1.5%, 
and 2.0%. Based on compressive strength results achieved from 144 cubes, optimum 
HGFRC mix will be achieved.

Table 1 Mixture compositions of M40 concrete (kg/m3) 

OPC Fly ash Alccofine (kg) Water Fine aggregate Coarse 
aggregate 

Super 
plasticizer 

337.5 67.5 (15%) 45 (10%) 131 709 1200 3.6 
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Fig. 4 Reinforcement bars 

Fig. 5 Placing concrete in 
beam mould 

In the succeeding stage, the mechanical properties of HGFRC are identified, 
including its strength in terms of compression, tension, and flexure. Further, in the 
last stage, flexural behaviour of Hybrid graded fibre reinforced concrete beams of 
size 1500 × 2300 × 150 mm is investigated. Based on balanced beam design, 2– 
12 mm φ and 1–16 mm φ bars as tension steel and 2–10 mm φ bars as compression 
steel zone are used in RC beam as displayed in Figs. 4 and 5. 

3 Results and Discussions 

The discussions of all the test results that were conducted are explained in the 
following sections. 

3.1 Workability of Concrete 

The workability of the control mix was collapsible at a slump value of 163 mm. After 
the addition of the Fibres (steel and basalt) into the concrete, the mix become a bit 
harsh and depicting true slump, as shown in Fig. 6, compared to collapse slump of 
control mix as shown in Fig. 7.
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Fig. 6 Slump of HGFRC 

Fig. 7 Slump of control mix 

3.2 Compressive Strength of Graded Steel FRC 

The compressive strength results shown in Fig. 8 depict that steel fibre proportion of 
50:50 is giving maximum value in all the % fibre volume. Hence, Steel fibre grading 
of 50:50 is chosen for further stages of study.

3.3 Compressive Strength of Hybrid Graded FRC 

Compressive strength results of Hybrid Graded FRC with different percentage 
variation of steel and basalt fibres with % volume variation are shown in Fig. 9.

When 0.5% of fibres are added, 80:20 proportion gave the highest value and 
the remaining proportions decreased gradually. The same trend is observed in 1% 
fibre volume mixes. But When 1.5% fibre content was added, 60:40 yielded the 
result which was the highest amongst all the fibre content and proportions. The 
basalt fibres packed the concrete’s porous structure in different directions, which led 
to an enhancement in the values of properties, which is the cause of the strength 
enhancement of hybrid graded fibre reinforced concrete. The compressive strength 
decreases as the fibre content is raised over 1.5%. This occurred as a result of the 
fibre content’s tendency to bunch, problems with compaction, and a lack of bonding 
between the fibres, and the elements of the concrete. These elements also result in a 
harsh concrete mixture that doesn’t guarantee homogeneous mixing.
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Fig. 8 Bar graph depicting the compressive strength results with graded steel fibre

Fig. 9 Compressive strength results of hybrid graded FRC

3.4 Mechanical Properties of HGFRC 

The following discussion is focused on the results in relation to the mechanical 
characteristics of both types of concrete. 

3.4.1 Compressive Strength 

The 28 days mean compressive strength of the Control mix is 56.67 N/mm2, whilst 
the same for HGFRC specimens at the fibre content of 1.5% and proportion of 60:40
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after the age of 28 days of curing is 62.02 N/mm2, which is showing that there is an 
increase of 9.44% in the compressive strength of HGFRC specimen. This is because 
the pores in the concrete are reduced due to addition of hybrid fibres having different 
aspect ratio which increases the resistance of concrete against failure. 

3.4.2 Split Tensile Strength 

The Control mix cylinder’s mean Tensile strength is 4.816 N/mm2,whilst the  HGFRC  
cylinder’s mean Split tensile strength is found to be 6.583 N/mm2 at the optimized 
1.5% fibre content. It is clear from the empirical findings that the split tensile strength 
of the HGFRC specimen has an increase of 36.69%. There is a substantial enhance-
ment in the split tensile strength as the steel and basalt fibres in a blended state 
have enhanced the bridging activity and reduced the propagation of cracks, thereby 
increasing its tensile strength. 

3.4.3 Modulus of Rupture (MOR) 

The MOR of the normal concrete mix was estimated as 4.986 MPa, whereas the 
Hybrid graded fibres concrete had an increase of MOR. The modulus of rupture based 
on flexural strength revealed for HGFRC with 1.5% fibre content was 7.594 MPa. The 
previously stated finding indicates that fibres have the ability to delay the emergence 
of micro-cracks in concrete. The largest improvement in MOR over normal concrete 
for basalt FRC with 1.5% fibre volume percentage was 52.3%. 

3.5 Flexural Behaviour of Beams 

The general flexural behaviour of the three different kinds of beams, including the 
distribution of cracks, the load–deflection reaction, and the distribution of strain in 
the concrete and reinforcement, is summarized in this section. 

3.5.1 Development of Cracks 

During the analysis, deflections at the initial crack and the ultimate load were discov-
ered. At 58.86 kN, the control beam (CB) had its initial crack, which was followed 
by flexural cracks. It was evident that the beam’s failure in flexure had little energy 
absorption prior to the failure. The control beam’s mean ultimate load is 230.5 kN.
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3.5.2 Load–Deflection Behaviour 

To investigate the loss of brittle material character of concrete, the load–deflection 
curves for HGFRC were generated, from the data collected during the testing of 
beams. From the P- Δ graph, shown in Fig. 10, it is noted that initially for different 
concrete mixes, the curves were linear and then curved with the increasing load. 
When the load reached its peak value, it was found that the linear P-curve diverged 
from the linear response. This denotes the start of the crack initiation process. 

The increase in fibre content causes an increase in the length of segment until 
reaching its peak. The addition of fibre content of 1.5% caused the increase in Pmax. 
The quantity of fibres in concrete also had an impact on the post-critical portion of 
the P-d curve. The evident force decrease and strain softening characteristics were 
seen for reference concrete. The inclusion of basalt fibre has an impact on both the 
pre-peak and post-peak portions of the load–deflection curve of the concrete beam. 
A typical load–deflection diagram of a specimen during three-point loading shows 
that the material behaves linearly up to the first crack stress, then through a strain 
hardening stage after the first crack up to the ultimate flexural load, and finally, a 
post-ultimate load stage. 

The load–deflection behaviour of the HGFRC beam with reduced main reinforce-
ment was very different from the other two types of beams. The beam had a decreased 
percent of main reinforcement and the fibre content of 1.5% was the same as that of 
another specimen.

Fig. 10 Load–deflection behaviour of three type of beams 
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3.5.3 Crack Distribution 

At the pure bending zones of all 3 kinds of reinforced concrete beams, vertical 
flexural fractures first appeared. Then, as the stress increased, inclined shear fractures 
were created. Each beam experienced flexure failure. A ductile mechanism of failure 
known as tension failure, longitudinal tension-steel yielded in all types of beams first 
before concrete crushing. 

3.5.4 Crack Widths 

In addition to the load-deformation behaviour of fibre reinforced concrete beams, the 
cracking characteristics have been also observed during the tests. Figure 11 shows 
the diagram of crack width for the different types of reinforced concrete beams. This 
means that the steel fibres act as crack arresters and give great benefit in controlling 
the crack propagation. The crack widths were not more than 3 mm. For the control 
beam, the crack width was less but the CB failed due to a long shear crack connecting 
the support point and the loading point. But for the HGFRC beams, no shear failure 
in shear was visible and the fibres could resist the crack formation and propagation. 

The fibre-added reinforced concrete beam exhibits significantly reduced cracking. 
This data demonstrates the exceptional resilience to tensile cracking of the fibre 
reinforced concrete.

Fig. 11 Crack spacings of control beam (CB), HGFRC, HGFRC-1% reinforcement 
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Fig. 12 Flexural toughness of beams up to ultimate deflection 

3.6 Flexural Toughness 

Flexural toughness is a criterion for concrete’s ability to absorb energy and is also used 
to evaluate the material’s ductility and crack resistance. It is the region underneath 
the concrete’s load–deflection curve in flexure. 

It is clear from the Fig. 12 that more area under the curve is possessed by the beam 
with reduced reinforcement. This study displays the improvement in composites’ 
bearing capacity following cracking. This is explained by the fibres’ ability to prevent 
and bridge fracture growth. The rise in peak load is primarily responsible for the 
improvement in flexural toughness for HGFRC, but the increase in bearing capacity 
after cracking is also responsible for the improvement in flexural toughness for 
HGFRC strengthened with less main steel %. 

3.7 Flexural Strength 

The Flexural strength of different types of beams is given in the Fig. 13. The flexural 
strength of the HGFRC beam has an increase in its flexural strength than the control 
beam due to the action of bridging fibres. And the steel fibres are proven to increase 
the flexural characteristics of the concrete when incorporated. There has been a 4.33% 
increase in the beam flexural strength. But the flexural strength of the HGFRC-1% 
beam has a clear drop in its flexural strength. This is clearly due to the reduction in 
its main reinforcement steel. As there was not enough steel to take the stress from 
concrete, resulting in the fibres taking the stress. But the short discrete fibres, which 
are good at arresting cracks and bridging the cracks, failed to take the stress from the 
concrete directly. So, the decrease in the flexural strength of the HGFRC-1% beam 
is 4.36%.
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4 Conclusions 

The following results are derived from the experimental work and petrographic 
examination.

• Due to the ultra-fine physical property of Alcofine, the workability of concrete 
was maintained well throughout the work. Addition of fibres into concrete had 
drastically reduced the workability.

• The water-cement ratio could be lowered by using a superplasticizer built on 
polycarboxylate ether (PCE).

• The best volume of steel and basalt fibres was found at 1.5% with a proportion of 
60:40 by performing a compression strength test as the basis.

• When the volume of fibres was increased more than 2%, the effect of balling of 
concrete was taking place and the workability was affected the most.

• Improvement of 9.44% in HGFRC compression strength was observed after 
28 days of curing.

• Split tensile strength of HGFRC specimens was found to be increased by 36.69% 
when compared to control specimens. The flexural strength of HGFRC prism 
specimens was also found to have increased by 52.3% at the optimum fibre content 
of 1.5%.

• The flexural strength of beams that were incorporated with the optimum fibre 
content was found to increase by 4.33%, whilst the HGFRC-1% beam has a 
decrease in its flexural strength by 4.36% performance. The pre-peak behaviour 
of the three types of specimens was almost the same in the flexural strength test. 
But the post-peak characteristics were different from one another.

• The HGFRC beam had an Ultimate Peak-load value and enhanced deflection than 
the control beam. This indicates that the fibres’ impact on the concrete’s post-peak 
effectiveness was quite evident. The fracture behaviour of concrete is influenced
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by both types of investigated fibres, although the effects on pre-peak and post-peak 
performance are distinct. 
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Torque and Twist Response 
of Under-Reinforced and Completely 
Over Reinforced Concrete Beams 
with ‘U’ Ferro Cement Wrap 

G. C. Behera , T. D. G. Rao, and C. B. K. Rao 

1 Introduction 

Torsion is one of the basic loads. It acts on structural elements individually or with 
combination of axial loads, flexure or with shear. At early eighteenth centuries, 
torsion is not considered for design purpose due to its complex nature. Primary or 
secondary torsions may take place in structural elements. Structural elements due 
to ageing, updates in codal provisions or change of load path due to remodelling 
of structure need to be retrofitted rather than demolition. Concrete structures can 
be retrofitted with other materials like steel jacketing or with FRP. Time of repair, 
cost of retrofitting material, availability of retrofitting material and workmanship are 
controlling factors for repairing of distressed members [1]. Recently FRP is in driver’s 
seat as retrofitting material. Due to torsion, shear is induced on a structural element 
which requires full wrap for retrofitting. Due to constructional difficulties, a ‘U’ wrap 
may be selected over full wrap torsion [2]. A significant research in FRP with full 
jacket for torsional retrofitting has been carried out [3]. With FRP ‘U’ wrap some 
investigation were carried and found there is significant improvement in strength [4] 
and [3]. Repair strategy should be economic, easy and practicable. FRP retrofitting 
is suitable for developed countries not for developing countries Behera [5], Behera 
et al. [6, 7]. Ferrocement is a good substitute for FRP. According [8], ferrocement is 
impermeable, durable, easily flowable and also provides higher strength. The micro 
cracks also can be arrested [9].
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1.1 Research Significance 

For quantification of torsional parameters, the first and foremost method is the exper-
imental one. A mathematical model may be developed to quantify the same with and 
the results of the model must be well in agreement with experimental values. A good 
deal of research was carried by the author to predict torsional parameters of ferro-
cement ‘U’ wrap (2014, 2018, 2022) by experimental investigation as well as by 
analytical model. It was observed that Experimental results cannot quantify torque 
and twist of a new beam with different dimensions and analytical method needs 
some computational programs to predict torque and twist. This challenge inspired 
to find a solution to predict torque and twist with easy methods. Here, with the help 
of soft computing, solution is found out. Prediction of torque and twist of torsion-
ally under reinforced and completely over-reinforced beams with ferrocement ‘U’ 
wrap beams has been presented here as design of a torsionally balanced section may 
not be feasible always as it depends on many parameters. The under reinforced and 
completely over reinforced beams were taken for study as the later can resist the 
maximum torque while the former can undergo maximum twist. 

The outcome of the present study is to predict torsional parameters such as 
torque and twist of ferrocement ‘U’ wrap RC under reinforced and completely over 
reinforced beams with different grades concrete at cracking stage and ultimate stage. 

2 Different Methods to Predict Torque and Twist 

2.1 Experimental Programme 

Eight numbers of beams having cross sections 125 mm wide, 250 mm depth and 
lengths of the 2 m were tested during this investigation. Beam details, material and 
properties are presented in Table 1. Cross section of the beam and testing of beam in 
torsion in the torsion test rig is presented in Fig. 1.

2.2 Analytical Model 

The model was developed with reference to Hsu’s softened truss model. Modification 
in the material properties and asymmetry of material in faces were incorporated. 
Separate equations were applied for elastic, cracking and post cracking zones. Details 
of the model is available in Behera et al. [7, 10].
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Fig. 1 Beam cross section and torsion testing

2.3 Soft Computing Method 

For the quantification of torsional parameters by experimental method, proto type 
structures are to be demolished. Experimental method is time consuming as well as 
not cost effective. The prediction of torsional parameters needs programming part 
to solve many 22 unknowns by 22 equations. Both the methods do not provide any 
single equation to predict torsional parameters. To overcome these problems, soft 
computing method can play a vital role. 

2.3.1 Multivariate Adaptive Regression Spline (MARS) 

Simple equations were developed by Multivariate adaptive regression spline (MARS) 
to predict the desired parameters. This method was developed by Friedman [11]. 
Some of results of experimental value are used for fitting and others are used for 
testing. No such basic assumptions are required for this method. So, sometimes it is 
known as black box method. The performer is unable to find the relation between 
various parameters. This model is the outcome research work with the help of MARS, 
final equations for torque and twist at cracking and ultimate stage were found as 
mentioned below 

Tcracking(kNm) = [5.5324 + max(0, Fly − 350) ∗ 0.00154 
− max(0, 350 − Fly) ∗ 0.0002689 + max(0, spacing) 
∗ 0.0012240 + max (0, mortar strength − 40) ∗ 0.0680449 
− max (0, 40 − mortar strength) ∗ 0.0206587] 

Tultimate = [6.752 − maximum 0, 0.32265 
− spacing of longitudinal reinforcement ∗ 2.7323 
− Maximum of

[
0, 350 − Fty

] ∗ 0.002276
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+ maximum
[
0, Mortar strength − 40

] ∗ 0.07677]. 

θcracking(rad/m) = [0.0053610664 + max (0, Fly − 350) 
∗ 0.0000008816 + max (1.62926 − Afl) ∗ 0.0002050043 
− (40 − mortar strength) ∗ 0.0000723768]. 

θultimate(rad/m) = [0.03558 − maximum[0, Fly 
− 350] ∗  0.0003376 − maximum[0, 350 
− ∗  Fly] ∗  0.00008786 + maximum

[
0, spacing of stirrup

] ∗ 0.00102665]. 

2.3.2 WASPAS method 

The method of weighted aggregated sum product assessment (WASPAS) for solution 
of Multi-criteria decision-making (MCDM) problems was suggested by Zavadskas 
et al. in [12]. This method is a combination of two methods. One is weighted sum 
method (WSM) and other one is weighted product method (WPM). The various steps 
of WASPAS procedure are taken from Madic et al. [13, 14] and [12]. The process 
continues in the following manner. 

(A) Matrix Initialization. 
(B) Apply normalization to matrix using maximization and minimization criteria 

Matrix Initialization. 

xi j  = xi j  /maxi xi j (1) 

xi j  = mini xi j (2) 

where xij, assessment value of the ith alternative with respect to the jth criterion. 

(C) Calculation of total relative importance of ith alternative, 

Q(1) 
i =

∑n 

j=1 
xi j  .w j (3) 

(D) Application of WPM method next to find 

Q(2) 
i =

∏n 

j 
x 

w j 
i j (4) 

(E) Calculation of optimum value
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Qi = λ.Q(1) 
i + (1 − λ).Q2 

i (5) 

Consider the values of λ from 0 to 1.0. In general, it takes a value of 0.5. 
The experimental and predicted values of torque and twist at cracking and ultimate 

are presented in Table 2.

3 Interpretation of Test Results 

Experimental and predicted results of torsional parameters were analysed, errors in 
predicted values were estimated to note the appropriateness of methods. 

3.1 General Behaviour of High Strength Beams 

All the beams were of same cross section, variation was in the strength of core 
concrete, number of mesh layers in outer ‘U’ wrap and in mortar strength. It was 
observed that the initiation of first crack in unwrapped face for all the beams as the 
tensile strength of concrete on unwrapped face is lower than the tensile strength of 
mortar in wrapped face. The inclination of the crack was found to be 450. 

3.2 Torsional Capacity of Specimens 

Under reinforced beams with three, four and five layers of mesh were cast with M35 
grade concrete and M40 grade mortar for ferrocement ‘U’ wrap. There was no such 
difference observed in cracking torque. The cracking torque depends on mortar grade, 
concrete grade and amount of longitudinal reinforcement. This may be due to the fact 
that all three parameters mortar grade, concrete grade and amount of longitudinal 
reinforcement were same for three under reinforced beams (U3N, U4N and U5N). 
The same behaviour is observed for completely over reinforced beams (Co3N, Co4N 
and Co5N) with normal strength concrete of grade M35. Average cracking torque 
of normal strength under reinforced beams was found to be 5.59 kNm while the 
same was found to be 5.83 kNm for completely over reinforced beams. The average 
increase in cracking torque of completely over reinforced beams was found to be 
4.34% over it’s under reinforced beams. For high strength under reinforced beam 
U4H and completely over reinforced beam Co4H, cracking torque was observed 
as 6.42 and 6.72 kNm, respectively. The percentage of increase in cracking torque 
of completely over reinforced beam Co4H against its under reinforced section is 
found to be 4.54%. The percentage of increase in cracking torque of high strength 
concrete beams for completely over reinforced beam over its under reinforced beam 
was found to be same for normal strength concrete beams also. Increase in cracking
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torque for a particular grade of concrete over its state of torsion is due to variation 
of reinforcement. 

Maximum error in predicted cracking torque for all of these six beams U3N, 
U4N, U5N, Co3N, Co4N, Co5N, U4H and Co4H was found to be −5.16% for 
Co5N beam in analytical method. The same was found to be −0.97% for MARS 
method in beam Co5N. In WASPAS method maximum error was noticed as 2.0% 
U4H and in regression analysis method the maximum error was noticed 3.47% for 
beam Co4H. Cracking torque of all beams by different methods was presented in 
Fig. 2 along with the percentage of error in predicted values. 

The ultimate torques of beams U3N, U4N, U5N, Co3N, Co4N, Co5N, U4H and 
Co4H were found to be 5.82 kNm, 6.01 kNm, 6.01 kNm, 9.11 kNm, 9.43 kNm, 
9.62 kNm, 7.68 kNm and 12.91 kNm, respectively. The ultimate torque of beams of 
a particular state of torsion was found to be increasing very less over higher number 
of mesh layers. Ultimate torque of U4N was found to be 3.34% higher than U3N 
and the same was nil for U5N over U4N. For completely over reinforced beams 
enhancement of Co4N over Co3N and Co5N over Co4N was found to be 3.52% and 
2.06%, respectively. There was higher enhancement of ultimate torque for different 
state of torsion as noticed for completely over reinforced beams over under reinforced 
beams. Ultimate torque of Co3N over U3N, Co4N over U4N and Co5N over U5N 
was found to be 56.55%, 56.84% and 60.07%, respectively.

Fig. 2 Cracking torque of beams by different methods and errors in predicted values of cracking 
torque 
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Maximum error in predicted ultimate torque for all of these six beams U3N, 
U4N, U5N, Co3N, Co4N, Co5N, U4H and Co4H was found to be −0.72% in U4N, 
11.04% in U3N, −21.48% Co4H and −17.16% in Co4H for analytical, MARS, 
WASPAS and regression analysis method respectively. From this, it is concluded 
that analytical method best predicts the ultimate torque in comparison to other three 
methods MARS, WASPAS and regression analysis. The same was presented in Fig. 3. 
Ultimate torques of these beams U3N, U4N, U5N, Co3N, Co4N, Co5N, U4H and 
Co4H were found to increasing 5.17%, 7.13%, 7.03%, 56.55%, 62.07%, 64.44%, 
19.54% and 92.22% over their cracking torques respectively. It was observed that 
the ultimate torque found to be increasing more in completely over reinforced beams 
rather than under reinforced beams due to availability of more reinforcement. When 
grade of ferrocement and core concrete is higher, the increase in ultimate torque was 
higher. There is maximum increase in torque in Co4H. Ultimate torque of Co4H was 
found to be 1.68 times than U4H, the same for Co4N and U4N was calculated as 
1.57. 

Fig. 3 Ultimate torque of beams by different methods and errors in predicted values of ultimate 
torque
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3.3 Twist 

The effect of reinforcement on twist at cracking torque of high strength and normal 
strength ferrocement ‘U’ wrap beams was discussed in this section. The reinforce-
ment gets activated after cracking stage. All the normal strength beams U3N, U4N, 
U5N, Co3N, Co4N and Co5N were found to have cracking twist 0.0053 rad/m, 
0.0053 rad/m, 0.0053 rad/m, 0.0055 rad/m, 0.0054 rad/m and 0.0054 rad/m respec-
tively. The twist at cracking torque for beam U4H and Co4H was reported as 
0.00541 rad/m for both the beams. There is no such variation in the cracking twist for 
normal and high strength beams. This may be due to the fact that the ratio of cracking 
torque to stiffness was found to be same for normal and high strength beams. 

The maximum percentage of error in predicted value by analytical, MARS and 
regression analysis was found to be −9.73% for Co3N, 2.73% for U3N and 7.78% for 
U4H respectively. MARS method well predicts the twist at cracking torque among 
all three methods. The twist at cracking torque along with percentage of error in 
different predicted methods is presented in Fig. 4. 

All the normal strength and high strength beams U3N, U4N, U5N, Co3N, Co4N, 
Co5N, U4H and Co4H were found to have twist at ultimate torque 0.155 rad/m,

Fig. 4 Twist (rad/m) at cracking torque of beams by different methods and errors in predicted 
values of twist at cracking torque 
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0.14 rad/m, 0.12 rad/m, 0.125 rad/m, 0.11 rad/m and 0.98 rad/m, 0.13 rad/m and 
0.0754 rad/m respectively. The ratio of twist at ultimate torque to twist at cracking 
was found to be 29.25, 26.42, 22.64, 22.73, 18.15, 24.13 and 13.94 for beams U3N, 
U4N, U5N, Co3N, Co4N, Co5N, U4H and Co4H, respectively. The beams with under 
reinforced section exhibit more twist at ultimate torque due to less stiffness than 
the completely over reinforced section. For the same reason, higher-grade material 
beams exhibit less twist than lower strength material. The maximum percentage of 
error in predicted value by analytical, MARS and regression analysis was found to 
be −25.25 for U5N, −17.66for Co5N and −27.98 U4H respectively. All these three 
methods failed to predict the twist at ultimate torque, hence should not be used for the 
prediction of twist at the ultimate torque. Twist at ultimate torque of normal strength 
under reinforced beam U4N was found to be increasing 7.28% over its high strength 
beam U4H and the same for completely over reinforced beam Co4N was reported 
as 45.89% over the beam Co4H. The twist at ultimate torque along with percentage 
of error in different predicted methods is presented in Fig. 5 

Fig. 5 Twist (rad/m) at ultimate torque of beams by different methods and errors in predicted values 
of twist at ultimate torque
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4 Conclusions 

Prediction of torque and twist at cracking and ultimate stage of ferrocement ‘U’ 
wrapped under reinforced and completely over reinforced beams with different 
grades of concrete and mortar were presented here by five methods. From above 
results, the following conclusions were drawn. 

The increase in cracking torque due to longitudinal reinforcement is marginal. 
Enhancement of torque at cracking and ultimate stage for a particular state of torsion 
over different numbers of ferrocement layers is very less. The maximum increase is 
3.52%. Maximum torque at cracking and ultimate stage is noticed for completely 
over reinforced beams. 

• Increase in cracking torque of completely over reinforced beams is noticed to be 
4.54% over their respective under reinforced beams. 

• There is noticeable increase in ultimate torque over their cracking torque. There 
is 92.22% increase in ultimate torque in comparison to the cracking torque for 
beam Co4H. 

• Ultimate torque of completely over reinforced section is found to be 1.68 times 
than under reinforced section. 

• There is no such variation in the cracking twist for normal and high strength 
beams. 

• Maximum twist is noticed in under reinforced beams. The ratio of twist at ultimate 
torque to twist at cracking was found to be 29.25 for under reinforced beam. 

• The predicted results are well in agreement with experimental values for prediction 
of torque. 
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A Comparative Study on Bond Behavior 
of Ternary Blended Geopolymer 
Concrete and Conventional Concrete 

Padakanti Rakesh , S. Venkateswara Rao, Rathish Kumar Pancharathi, 
and S. Rakesh 

1 Introduction 

High demand for the infrastructure over the world led to increase in concrete produc-
tion which demanded a high production of cement every year [1]. That laid a negative 
impact on environment causing increased CO2 emission and high-energy consump-
tion for the production of raw material. For every one ton of production of cement 
directly and indirectly responsible for the emission of approximately one ton of 
cement [2]. Over 1.6 million ton of CO2 emitted from cement industry in the year 
2021 [3, 4]. In retrospect, synthesis of geopolymer concrete (GPC) gained interest 
for its low carbon emission and energy consumption. Prof Davidovits introduced the 
GPC in the year 1987 which encapsulates the industrial waste’s with the help of alka-
line activator solution [5]. GPC utilizes industrial byproducts as binder material in 
higher volumes which ultimately reduces another impact of environment for landfills. 
Apart from the sustainability aspects it also possess a better structural and durability 
behavior which made the most suited alternate material for the replacement of tradi-
tional cement concrete [6–9]. But the application of GPC in real time was scarce since 
for not having proper guidelines for structural performance and synthesis of GPC. 
This led the researchers to understand its structural and microstructural behavior. 

One of the most significant aspect negated the application of GPC in real-time 
application was requirement of oven temperature for polymerization in case of 
flyash based GPC [10]. This constraint over heeled by the utilization of GGBS and 
other calcareous materials for high early age strength. The works on the slag-based 
GPC proven that initial compressive strength was considerably increased at ambient
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temperature [2]. Along with slag, microbinder materials such as silica fume also 
improve the early age strength properties among which Mustakim et al. 2021 studied 
the effect of nano and micro silica on the mechanical and microstructural performance 
of ambient cured GPC [11]. But these calcareous has variability in chemical compo-
sition from source to source. For this, it is important to understand the structural 
aspects of GPC. To this extent, there are limited research work have been conducted 
on bond, shear and torsional strength few of them are [8, 12–14]. Few works on 
the evaluation of flexural and modulus of elasticity are also conducted and proven 
promising behavior to replace OPC [15–17]. Pradip Nath and Prabir kumer 2017, 
determined the flexural strength and elastic modulus of ambient cured slag based fly 
ash geopolymer concrete and stated that flexural strength of GPC was higher and 
modulus of elasticity was lower than the OPC concrete [18]. There is need to establish 
a correlation between the structural aspects for its mass utilization in construction 
industry. Among all the structural aspects, bond strength is considered as a significant 
parameter since it is responsible for composite action over all reinforced concrete 
members. The strain compatibility maintained with the bond interaction between the 
concrete and steel. Basically bond strength is the shear force resisted by the contact 
area between the steel and concrete. It mainly depends on structural characteristics, 
bar properties and concrete properties. Few researches determined the bond behavior 
of GPC and observed that the bond strength was equal to and above the bond strength 
offered by the OPC. The available models from the codal provisioning and empir-
ical equations provides a conservative results for GPC. The present work focuses to 
understand the bond behavior of GPC in comparison with the conventional concrete 
through pullout bond test. 

2 Research Significance 

The present work focusses on comparison of bond behavior of GPC with the conven-
tional concrete of grade 60 MPa. The significant parameters affecting the bond 
strength, bar diameter (12 and 16 mm), embedment length (2.5D, 5D and Full depth) 
are considered for the research. Pullout test according to IS: 2770:1967 was consid-
ered for experimental investigation of bond behavior for both OPC and GPC. The 
bond strength and corresponding slip curves were generated and compared between 
OPC and GPC. The modes of failure for GPC and OPC are compared. 

3 Experimental Study 

Pullout test according to BIS 2770- Part 1 [19] was conducted on the 18 GPC pullout 
specimens to evaluate the effect of bar diameter and embedment length. For 12 mm 
bar diameter 100 × 100 mm and for 16 mm bar 150 × 150 mm cubes were casted.
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For the comparison of bond stress with conventional concrete, pullout test was also 
conducted on 18 OPC Pullout specimens. 

3.1 Materials and Mix Designs 

The class F flyash used in the study was acquired from locally available National 
Thermal Power Plant confirmed to IS: 3812–1981 [20]. GGBS from steel industry 
according to 12089–1987 [21] and silica fume confirming to IS: 15388–2003 [22]. 
The chemical composition from the X-Ray fluorescent (XRF) analysis for the binder 
system is given in Table 1. The mix design adopted for the preparation of OPC and 
GPC are given in Table 2. The physical and mechanical properties of bar for pullout 
test are given in Table 3. Alkaline activation was provided by sodium hydroxide 
(NaOH) (SH) and sodium silicate (Na2SiO3) (SS) solution. The molar ratio of SiO2/ 
Na2O for  the Na2SiO3 was maintained as 2.19. NaOH was prepared with slakes of 
98% purity and density of 2.13. For improving the mixing ability of GPC, sulfonated 
naphthalene-based super plasticizer of pH 4 was used. Based on the literature the 
optimized fine and coarse aggregates ratio 45/55 was adopted for the gradation of 
aggregates. The coarse aggregates of size 12.5 mm maximum size of aggregate was 
acquired from locally available industry. For the fine aggregate natural river sand 
confirming to Zone II of IS: 383:2016 [23] was used. The physical properties of 
coarse and fine aggregates are given in Table 4. For the GPC mix, the concentration 
of NaOH was maintained at 14M and activator to binder ratio of 0.38. The ratio of SS/ 
SH was considered as 2.5. SH solution was prepared 24 h prior to the casting and 2–3 h 
before casting SS solution was added to SH solution. Traditional mixing procedure 
was adopted. After casting of pullout specimens, GPC specimens are allowed to 
cure at ambient temperature and OPC specimens are cured by water atmospheric 
temperature for 28 days.

3.2 Mechanism of Bond and Testing Procedure 

The composite action in case of reinforced concrete structural elements mainly 
depends on the bond between the reinforcement and the concrete. The flexural resis-
tance and stiffness offered by the reinforced structural members are due to bond 
or other mechanical connection. Without any bond interaction between steel and 
concrete strain compatibility cannot be achieved in reinforced structural members. 
The bond is offered by chemical adhesion of C–S–H gel in OPC and three types of 
polymeric gels in GPC, and frictional resistance offered by the reinforcement, and 
mechanical interlock of ribs as shown in Fig. 1. The mechanism of bond is influenced 
by mainly three categories like structural characteristics, bar properties and concrete 
properties. The structural characteristics include the concrete cover and spacing of 
bars, embedment length of bar, the transverse reinforcement, bar casting position and
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Table 2 Mix design of OPC  and GPC  

Material OPC (kg/m3) GPC (kg/m3) 

Fly ash 100 213.05 

GGBS 100 273.92 

Silica fume - 121.74 

OPC 400 -

Fine aggregate 808 702 

Coarse aggregate 817 858 

Super plasticizer 2.5 12.2 

Water 180 -

Table 3 Physical and mechanical characteristics of steel bar 

Property Diameter of the bar 

12 (mm) 16 (mm) 

Rib spacing (mm) 5.06 6.12 

Rib width (mm) 2.04 3.06 

Rib height (mm) 2.18 3.24 

Yield stress (mm) 512 515 

Ultimate stress (mm) 569 571 

Table 4 Physical properties of fine and coarse aggregate 

Aggregate Specific 
gravity 

Fineness 
modulus 

Void 
ratio 

Water 
absorption (%) 

Porosity Bulk 
density (kg/ 
m3) 

Fine 
aggregate 
(FA) 

2.68 2.67 0.67 0.71 0.46 1619 

Coarse 
aggregate 
(CA) 

2.73 6.25 0.83 0.63 0.57 1456

the use of non-contact lap splice. The bar properties include bar diameter and geom-
etry, stress in steel and yield strength, tensile strength and fracture energy, type and 
quantity of aggregate, workability of concrete, fiber reinforcement and the degree of 
consolidation.

The shear stress generated between the reinforcement and concrete is generally 
characterized by bond stress, which could be determined by pullout test and beam 
end tests. From literature study, it was observed that most of the bond studies are 
conducted on pullout test. The stress distribution was shown Fig. 1. As in case of 
pullout specimen, the bond stress can be determined from the equilibrium of concrete
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Fig. 1 Anchorage bond

and bar forces. Equation 1 can be used for determination of bond stress in case of 
straight rebar anchored in concrete similar to the case of pullout test. 

(1) 

where, = bond stress fs = stress in steel, l = embedment length db = bar 
diameter 

According to the IS 2770:1967 Part 1, the pullout specimens are shown in Fig. 2. 
A 20-mm-thick steel plate with 20-mm wide slit was arranged over the specimen 
for uniform distribution of stress. The load was applied at a rate of 2250 kg/min. 
The bond stress is calculated as the load per unit contact area between the steel and 
concrete. For calculation of bond stress, the Eq. (2) was used. 

(2) 

Pmax Is the maximum load taken by the specimen i.e., load corresponding to failure 
of the specimen, kN 

D Diameter of the bar, mm 
l Embedment length, mm

4 Results and Discussion 

The effect of embedment length, diameter of bar on the bond strength of geopolymer 
concrete are evaluated based on pullout test and compared with OPC concrete.
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Fig. 2 Force distribution in pullout specimens a 2.5D b 5D c Full depth

4.1 Influence of Embedment Length of Bar on Bond 
Strength of GPC and OPC 

The bond stress-slip curves with respect to embedment length for GPC and OPC 
are shown in Figs. 3 and 4. It can be observed that, increasing in embedment length 
of bar shows decrease in bond strength of both OPC and GPC, which indicates the 
effect of embedment length on GPC is similar to OPC. The maximum bond strength 
corresponding to embedment length for OPC and GPC are given in Table 5. The  
maximum bond strength of GPC is higher in all embedment lengths compared to 
OPC. The average bond strength of GPC is more about 4.25% compared to OPC. In 
GPC, the bond strength was decreased by 29.89 with increase in embedment length 
from 2.5D to 5D and for 5D to FD it was 24.46 in 12 mm bar diameter. The average 
bond strength decreased in OPC and GPC are almost equal indicating the similar 
response to change in embedment length. From the bond stress vs slip, the initial 
stiffness for the OPC is higher compared to GPC. With increase in embedment length, 
the slip corresponding to bond strength was increased, whereas in GPC the slip was 
decreased.

4.2 Influence of bar Diameter on Bond Strength of GPC 
and OPC 

The bond strength versus slip curves with respect to bar diameter for OPC and GPC 
are shown in Figs. 5 and 6. It can be observed that with increase in bar diameter there 
is decrease in bond strength in both OPC and GPC. The maximum bond strength 
corresponding to bar diameter for OPC and GPC are given in Table 6. The maximum 
bond strength in 12 and 16 mm bar diameter in GPC is higher compared to OPC. The 
bond strength with respect to bar diameter in GPC is increased by 5.41% compared 
to OPC. In GPC, the bond strength is decreased with increase bar diameter. The 
percentage decrease in bond stress is high in case of full embedment length in OPC
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Fig. 3 Bond stress versus slip with respect to embedment length of GPC 
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Fig. 4 Bond stress versus slip with respect to embedment length of OPC 

Table 5 Maximum bond strength values with respect to embedment length of GPC and OPC 

D (mm) –L (mm) Maximum bond strength % decrease in OPC % decrease in GPC 

OPC GPC % increase 

12–30 33.42 34.66 3.72 – – 

12–60 23.43 24.06 2.67 29.89 30.60 

12–100 17.70 17.87 0.97 24.46 25.71 

16–40 31.50 33.93 7.70 – – 

16–80 22.46 23.85 6.21 28.71 29.70 

16–150 14.80 15.03 1.52 34.09 37.00 

Average 23.88 24.90 4.25 29.29 30.75
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Fig. 6 Bond stress versus slip curves with respect to bar diameter of GPC

and GPC. The average percentage decrease in OPC was 8.16% and GPC was 2.01%. 
With increase in bar diameter the slip corresponding to bond strength was increases 
whereas in GPC the slip was decreased. 

4.3 Failure Modes of GPC and OPC 

The pullout specimens have a tendency to fail in three categories. (i) bar failure, (ii) 
pullout failure (iii) splitting failure. Bar failure occurs when pullout load acting on
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Table 6 Maximum bond strength values with respect to bar diameter of OPC and GPC 

L (mm) D (mm) Maximum bond stress (MPa) % decrease in OPC % decrease in GPC 

OPC GPC % increase 

2.5 D 12 33.42 34.66 3.72 – – 

16 32.10 33.93 5.69 3.95 2.13 

5D 12 23.43 24.06 2.67 – – 

16 22.46 23.85 6.21 4.16 0.86 

FD 12 17.70 17.87 0.97 – – 

16 14.80 17.33 17.08 16.38 3.04 

average 23.98 25.28 5.41 8.16 2.01

the specimens exceeds the ultimate load of the bar. This type of failure of speci-
mens the maximum load can’t be considered for maximum bond stress failure since 
before reaching maximum capacity of bond stress ultimate stress of bar is reached. 
Pullout failure happens when a longitudinal crack along the bar generated by the 
pullout load and bar tends to slide over the surface of concrete. This type of failure 
provides ultimate bond stress of concrete. Splitting failure of specimens occurs when 
pullout load applied on the bar, radial tensile stresses generated around the bar. This 
radial tensile stresses exceeds the splitting tensile strength of concrete the splitting of 
concrete occurs and specimen fails abruptly. Since splitting of concrete occurs, the 
maximum bond strength provided by the concrete can’t be determined in this type 
of failure. Since the concrete no longer resist the radial tensile stresses caused by the 
pullout load, the maximum load acting on the specimen considered as the maximum 
bond load of the specimen. Table 7 shows the failure modes of GPC and OPC. It can 
be observed that GPC and OPC have a similar bond failure. 

Table 7 Failure modes of OPC and GPC 

D (mm)-L (mm) Failure mode 

OPC GPC 

12–30 Pullout of bar Pullout of bar 

12–60 Splitting of concrete Splitting of concrete 

12–100 Splitting of concrete Splitting of concrete 

16–40 Pullout of bar Pullout of bar 

16–80 Splitting of concrete Splitting of concrete 

16–150 Splitting of concrete Splitting of concrete
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5 Conclusions 

In this study, the bond behavior of GPC, OPC with same bar dia and embedment 
length of bar was investigated by using IS 10262 pullout specimens. The bond 
strength influencing parameters such as embedment length and bar diameters on 
OPC and GPC are determined. The bond stress vs slip response for OPC and GPC 
were investigated. Based on this study, the following conclusions are drawn.

• The effect of embedment length on the bond behavior of OPC and GPC are similar 
and with increasing the embedment length the bond strength was decreased. Since 
with the increase in embedment length the effect of non-uniform stress distribution 
along the embedded length of the bar increased and causes the bond stress to 
decrease. The average bond strength with respect to change in embedment length 
in GPC was 4.25% which is higher than the OPC.

• With increasing embedment length the slip corresponding to bond strength was 
decreased in GPC. The magnitude of decreased bond strength with increase in 
embedment length in GPC and OPC are almost equal, indicating that GPC is a 
promising alternative material to OPC

• The effect of bar diameter on the bond behavior of GPC and OPC are similar and 
with increasing the bar diameter the bond strength was decreased. The average 
bond strength with respect to bar diameter in GPC was 5.41% higher than the 
OPC.

• Similar to the embedment length the slip correspond to bond strength was 
decreased in GPC. The average decrease in bond strength with increase in bar 
diameter is higher than OPC. The percentage decrease in bond strength was higher 
in full embedment lengths of OPC and GPC.

• The failure modes of GPC are similar to the OPC indicating that the bond behavior 
of GPC is almost similar to the OPC. 
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A Study on Pull-Out Strength of H-end 
Rebar in Normal Strength Concrete 

Adla Saraswathi , C. B. K. Rao, D. Rama Seshu, and Aagya Dahal 

1 Introduction 

Reinforced concrete is a composite material made up of two components, concrete 
and steel, with unequal behaviour and physical features. Satisfactory operation of 
reinforced concrete as construction material depends on combined action of concrete 
and steel. For the composite action of reinforced concrete, the bond between steel and 
concrete is very important and essential for no slip condition in a loaded structure. 
The load is transferred from the concrete to the bar by means of bond/anchorage and 
develops at the interface of the steel and concrete [1–4]. Generally, a reinforcement 
bar in concrete fails in bond either by direct pull-out or by splitting failure. In direct 
pull-out failure the bond between concrete and reinforcement fails when the bar is 
subjected to a tensile force. Where as in splitting failure the deformations or lugs 
present on the bar develops a wedging action and exerts a lateral tension on concrete, 
results in development of a crack. The full bond between rebar and concrete will 
develop by providing a development length that is minimum length of the bar need 
to embed in concrete to develop full stress in the bar at that section. However, the 
actual available length will be not sufficient for full development of bond, to develop 
full bond stress anchorages needs to be provide, like hooks [5], bends and mechanical 
anchorages [6] conforming to standards [7, 8]. 

Conventional anchorage system like hooked bars poses certain drawbacks such 
as steel congestion, honeycombing in concrete, difficulties in compaction, detailing
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problems and problems in joint strength. This leads to the development of mechanical 
anchorage system, i.e. headed bars which consist of heads of different head shapes, 
square, rectangular, circular or oval and different head profiles [9], attached at bar 
end by friction or forged welding or by threading technique [10]. They provide ease 
of installation, outnumbering the disadvantages of conventional anchorages without 
affecting the structural performance. As in beam-column joints, there may be the 
formation of plastic hinges. Use of headed bars helps in their relocation, avoiding the 
requirement of increased depth of beam and longitudinal bar [11–14]. Contribution 
to anchorage/bond in case of headed bars is provided by bearing and bond promoting 
the development of diagonal compression mechanism within the joint. The couplers 
create least congestion compared to hooks and headed bars. However, couplers have 
its difficulty in threading, aligning the bar and installation at the site. 

Some of the investigations observed that the bond stress decreases with increase 
in diameter and length of rebar in normal concrete and high strength concrete. The 
bond strength is more in case of high strength concrete i.e., it is nearly 15–28% more 
compared to normal strength concrete [15]. In high strength concrete the brittleness 
will be more. The brittleness of high strength concrete can be reduced by inclusion of 
fibres in concrete mix. These fibres increase bond strength by arresting longitudinal 
splitting cracks but in pull-out failure the bond performance unaltered with addition 
of fibres because splitting cracks are not formed in this failure [16]. 

Fibres of different geometry hooked, crimped, twisted etc. are used in fibre rein-
forced concrete. Fibres with spiral geometry are one kind. A study was carried out 
with three embedment lengths, coil diameter, pitch length and pull-out rates with 
steel fibre of 0.6 mm diameter. Test results showed that the increase of embedment 
length resulted in rupture of fibre instead of pull-out, large diameter coil had less 
pull-out resistance and large pitch resulted in smaller displacement [17–20]. Spiral 
geometry was found to be superior in terms of the frictional bond, ductility, crack 
control, dynamic strengths and energy absorption [21]. 

2 Research Objective 

It is well known that any amount of bend at the end of rebar provide a propor-
tionate extent of anchorage accounting for equivalent development length, but stan-
dard bends and hooks lead to some congestion. Rebars are connected by couplers to 
avoid overlapping and for the continuation of bars. Another alternative is to provide, 
head at the end of the rebar. In fact, even overlap, headed bar or coupler may give rise 
to some amount of congestion. The Authors explored alternatives to meet the need 
of development length/anchorage of rebar. Pull out tests are conducted on concrete 
specimen with embedded H-end rebars to study the anchorage/bond.
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3 Experimental Program 

An experimental programme was designed to conduct the pull-out of helical end 
reinforcement embedded in a concrete cylinder of M35 grade. Rebar of 6 8 and 
10 mm diameter (d) of yield strength 650 ultimate strength 700 N/mm2 was used in 
the present study. Typical helical end rebar is shown in Fig. 1. The parameters studied 
are the rebar diameter and number of turns of the helix. Three different diameter of 
the rebar, i.e., 6, 8 and 10 mm and three variations in the number of turns (coils), 
i.e., one, one and half turns, and two turns are used as parameters for H-end rebars. 
There are nine parameters to study the influence of helical end on the anchorage 
effect. There are three specimens to arrive at average for each type. The specimens 
are designated with diameter-number of turns. Hence the specimen designated as 
A-1 means the diameter of rebar 6 mm and one turn. Here, A, B and C represents 6, 
8 and 10 mm diameter rebar and 1, 1.5, 2 represents number of turns of helix. The 
helical end is embedded at a depth of 5d (30 mm for 6 mm rebar 40 and 50 mm for 
8 mm and 10 mm rebar respectively) from top of the specimen. 

3.1 Materials 

Ordinary Portland Cement (OPC) of 53 grade (IS 12269-2013) was used [22]. Fine 
aggregate passing through 4.75 mm sieve and retained on 150-micron sieve (IS 383– 
2016) of Zone II gradation was used. The coarse aggregate consists of 60% passing 
through 12.5 mm sieve and retained on 10 mm sieve and 40% passing through 10 mm 
sieve and retained on 4.75 mm sieve (IS 383-2016) was used [23]. Mix proportions 
conforming to M35 are arrived at by trial and error, as given in Table 1, obtained as 
per IS: 10262-2009 [24]. Three standard cubes of size 150 × 150 × 150 mm were

Fig. 1 Helical end rebar 
(H-end rebar) 
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Table 1 Concrete mix composition details 

Concrete 
grade 

Mix 
proportion 

Quantity of concrete materials per Cum 

Cement (kg) Fine 
aggregate (kg) 

Coarse 
aggregate (kg) 

Water (kg) SP (kg) 

M35 1:1.67:2.9 
w/c 0.42 

405 678 1198 170 3.4 

SP-superplasticizer (conplast SP430) 

used to determine the compressive strength as control specimens for each batch of 
casting and obtained the average compressive strength of concrete is 37 N/mm2. 

Helical end Rebar (H-end Rebars). Rebar of 6, 8 mm and 10 mm nominal diameter 
is wound on a spring making machine. Then the bar was bent to 90 degrees so that 
the axis of the rebar is parallel to the axis of the helical end, as shown in Fig. 1. All  
the specimens are wound to five turns in the factory and cut to required turns in the 
laboratory. Internal diameter and pitch are measured before casting each specimen. 

3.2 Casting of Specimens 

Standard Cylindrical moulds, diameter 150 mm and height 300 mm are used to cast 
the specimens. H-end rebars were placed vertically such that the helix would lie 
precisely at the centre of the mould and 5d from top of the mould. Concrete was 
filled in the moulds with proper hand compaction without disturbing the position of 
rebar as shown in Fig. 2.

3.3 Test Rig 

A test rig was fabricated to hold the specimen and to perform the pull-out test on the 
concrete cylinder with embedded H-end rebars. The specimen with Test Rig shown 
in Fig. 3.

3.4 Testing of Concrete Specimens 

Specimens were cured for 28 days. The specimen was set up in the test rig. Then this 
entire setup was fixed in the UTM, as shown in Fig. 4 to conduct the pull-out test as 
per IS:2770 (part 1) [25]. Dail guage (0.001 mm least count and 50 mm maximum 
travel capacity) was attached to the bar to record the displacement of helical end
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Fig. 2 Specimens cast in moulds

Fig. 3 Specimen with test rig
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Fig. 4 Test setup 

rebar. The load was applied till either the concrete failed or the bar failed. Real-time 
load and displacement readings are captured through data acqasition system. 

4 Results and Discussion 

4.1 Behaviour Under Load 

Concrete cylinders of grade M35 were used to test H-end rebars embedded in it to 
study their pull-out behaviour. The tested specimens are shown in Fig. 5, for 6, 8 and 
10 mm. An examination of these specimens’ shows that 6 mm specimens and 8 mm 
specimens have not shown any cracks and the reinforcing bar has failed under the 
load. In case of specimens with 10 mm concrete cracked but the bars were not pulled 
out and results were tabulated in Table 2. Further examination of the specimens 
revealed that the 10 mm bars showed a tendency to unwind and to attain the normal 
straight bar shape. In this process, the reinforcing bar has exerted an outside pushing 
force creating tension in the concrete. Thus, the specimens have developed cracks 
only from the top of the specimens up to the helix and the helix was found to be well 
embedded in the concrete. So, this clearly shows that helical form of reinforcement 
is providing sufficient anchorage.
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(a) (b) (c) 

Fig. 5 Specimen failure pattern of a 6 mm  b 8 mm and  c 10 mm diameter rebars 

Table 2 Results of the tested specimens 

0 D mm (2) P Mm (3) N Peak 
load 
(kN) (4) 

Displacement 
at peak load 
(mm) (5) 

K (6) σ u (N/ 
mm2) (7)  

Comments (8) 

A-1 18 60 1 17 5.6 0.3 3.42 Bar failed 

A-1.5 1.5 18 1.92 0.45 2.49 Bar failed 

A-2 2 19.3 1.7 0.6 2.03 Bar failed 

B-1 24 80 1 30 5.7 0.3 3.39 Bar failed 

B-1.5 1.5 32 4.14 0.45 2.49 Bar failed 

B-2 2 33 4.5 0.6 1.95 Bar failed 

C-1 30 100 1 39 7.9 0.3 2.82 Concrete 
failed 

C-1.5 1.5 37 1.48 0.45 1.84 Concrete 
failed 

C-2 2 38 2.5 0.6 1.42 Concrete 
failed 

D-diameter of the H-end rebar, P-pitch of the H-end rebar, N-number of turns of the H-end rebar, 
K-helix coefficient, and σ u—bond stress at ultimate 

4.2 Load–Displacement Curves 

A dial gauge was attached to the reinforcing bar to measure the relative displacement 
of the bar with respect to concrete. These load displacement curves for 6 and 8, 10 mm 
are given in Fig. 6. An examination of these load displacement curves shows that 
almost up to 80% of the peak load there is no displacement of the bars. Beyond this, 
the relative displacement was observed to increase slowly and then displacements 
increased at a faster rate when the load reached the stage of failure of bar or concrete.
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So, this clearly shows that the helical form for reinforcing bars have given very good 
anchorage and allowed the reinforcing bar to develop its full stress. With increase in 
the diameter of rebar and number of turn load-carrying capacity increases shown in 
Fig. 7. 
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4.3 Effect of Helix Coefficient on Bond Stress 

Coil diameter, pitch and number of turns effect anchorage/bond, these three are 
combined, and taken as helix coefficient (K) [26]. 

K = [(D/P) ∗ N ] (1) 

where, D-diameter of H-end rebar, P-pitch of H-end rebar and N-number of turns of 
H-end rebar 

Observation of tested specimen vide Fig. 5, shows that all helical turns are intact 
in concrete at ultimate, offering good anchorage, except for first half turn. Hence 
the helical end of rebar is visualised as a solid cylinder with outer diameter (OD) 
of helix as diameter of cylinder and depth of embedment as length of cylinder (L) 
(Fig. 1). Bond stress was calculated using the outer diameter of the coil and depth 
of embedment of the helical end. Bond stress at ultimate (σ u) is calculated (for 
6 mm, 8 mm, 10 mm diameter rebars) and is given in column number 7 of Table 2. 
Points are plotted for the specimens with helix coefficient (K) as absica and bond 
stress at ultimate as ordinate. There is good correlation between helix coefficient (K) 
and bond stress (σ u) with R2 value 0.99 as shown in Fig. 8. Bond stress between 
H-end rebar and concrete decreased with increase in helix coefficient. Concrete 
cylindrical specimens with helically wound rebar diameter 6 and 8 mm are shown 
similar correlation between helix cofficient and ultimate bond stress, where as for 
10 mm diameter rebar has correlation between helix coefficient and ultimate bond 
stress is different, in this full bond stress not developed bacause of failure of concrete.

5 Conclusions 

Helical end rebars have shown good anchorage capacity. However, at the kink of 
the helix, the concrete need to be provided with necessary hoops to resist the tensile 
forces developed in concrete due to opening of the kink. The load-carrying capacity 
increases with increase in the diameter of rebar and number of turns. Parameter 
influencing the behaviour of Helical end rebar is found to be diameter of helix, pitch 
and number of turns. All these parameters are combined into a new parameter named 
as Helix Coefficient (K). There is good correlation between helix coefficient (K) and 
bond stress (σ u) with R2 value 0.99 and bond stress between H-end rebar and concrete 
decreased with increase in helix coefficient.
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c 10 mm diameter rebars
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Fatigue Analysis of Beam Column Joint 

T. Bhavani Chowdary , A. Raghu , A. Bharat , and Charan 

1 Introduction 

Beam-column junction performance has a considerable impact on how Reinforced 
Concrete (RC) structures react to seismic occurrences. For nonseismically devel-
oped (NSD) structures, where transverse reinforcement is incredibly uncommon at 
beam-column joints, this is undoubtedly relevant. Previous seismic activities have 
proven that the failure of beam-column junctions has a negative effect on the general 
performance of RC buildings and can potentially cause their collapse. 

A key factor in how reinforced (RC) structures react to seismic activity is the 
functionality of the beam column joints. Nonseismically designed (NSD) construc-
tions refer to buildings that were not specifically designed to resist earthquakes. These 
buildings often lack the necessary features, such as transverse reinforcement, to with-
stand seismic forces. Transverse reinforcement is typically used in beam-column 
connections to provide additional strength and ductility to the structure. During an 
earthquake, the beam and column experience horizontal forces that can cause the 
beam to shift or rotate at the connection. Without proper reinforcement, this can lead 
to the failure of the connection and collapse of the structure. The most of the time, the 
behavior of joints is assessed at the level of the subassembly, where other sides of the 
column are hinge-supported and the contraflexure sites in a construction are typically
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found near the midpoint of the columns and beams. The vertical shear load applied to 
the beam tip occurs periodically. The first report of such tests was made by Hanson 
and Connor [1], who showed that joints without hoops can cause the subassembly to 
behave poorly under load displacement. The diagonal cracks that finally developed in 
the junction eventually resulted in a brittle joint shear collapse that left the transverse 
reinforcing bars of the beam unyielding. The things found out of this development 
spurred a frenzy of investigation into the empirical and numerical aspects of the 
dynamic response of beam column joints, results supported the early appearance of 
the JS failure. Being brittle and absorbing significantly less energy than a flexural 
failure characterized by steel yielding, this failure mode is understandably undesired 
in the seismic design philosophy. The literature has looked into the sub-assemblies’ 
susceptibility to non-seismic detailing that has been used. They include lap splices in 
columns directly above the joint, joint cores without insufficient transverse or lateral 
reinforcement, and inadequate anchorage of the beam reinforcing reinforcement in 
the junction, to name a few. It is possible to conclude that the joint shear strength of 
beam-column connections decreases with an increasing aspect ratio by analyzing the 
joint shear strength values of these connections and their aspect ratios, as described 
in literature [2–4]. 

Buildings also feature longitudinal beams and integrally cast slabs, but much 
study has concentrated on two dimensional sub-assemblies. In order to effectively 
represent the joint shear behavior, it is essential to consider 3D phenomena such slab 
contributing and restriction of the longitudinal beams to the joint. This study examines 
how the aspect ratio affects the connections between 3D NSD external beams and 
columns that have transverse beams and slabs. The examination is carried out as part 
of a numerical analysis using the University of Stuttgart’s MASA FE code. 

2 Influence of Joint Aspect Ratio 

The average notion is typically employed to assess the joint shear capacity. Simple 
technique for strain and stress According to design rules for new structures, the 
average active horizontal joint’s shear stress must be kept under permissible bounds 
for minimizing the joint shear failure. FEMA 356 [5] contains suggested parameters 
for the necessary joint shear stress for analysis of the beam column joints for current 
RC structures that weren’t built seismically. The principal tensile stress (pt) technique 
is a different model based on the same methodology. Acting joint stresses at the 
horizontal and vertical axes are converted into principal stresses using the Mohr 
circle theory. Priestley [6] provided initial joint cracking values of pt = 0.29f'c0.5 and 
final joint strength values of pt = 0.42f'c0.5 for 2-dimensional external joints with 
rebar bent in the intersection with a 90° angle hook. The CEB240 [7] recommends 
these values. 

The joint shear strength’s critical values should be determined while taking into 
consideration the following, though the aforementioned design rules did not take 
aspect ratio (alpha) into account. In his study of 2-Dimensional joints with the three
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Fig. 1 Database containing information on beam-column connections with longitudinal beam bars 
bent to form exterior joints 

distinct aspect ratios (1, 1.5, and 2), According to Wong [8], the joint shear strength 
rises with the ratio of the depths of the beam to column. Similar findings have 
been observed regarding corner joints between a longitudinal beam and slab, Park 
[2] and Hassan [3] both agreed. A data of 50 2D outer beam-column connections 
with bending beam transverse reinforcement has been constructed in order to better 
understand the influence of joint aspect ratio. 

Figure 1 shows how a higher aspect ratio affects the joint shear strength. Internal 
twisting stresses within the beam and within the column combined to produce a 
transverse or lateral strut (S) in the joint wall itself when a descending shear force 
will be applied to tip of the beam [9]. 

The joint shear force Vjh which operate in the horizontal direction and joint shear 
force Vjv, which operate in the vertical direction are illustrated in Fig. 2c. The lateral 
joint shear force reaches horizontal stability at the middle of the joint panel and 
adjusts at this point the differential in between shear force with in column and the 
force applied in the transverse beam bars. Because the lateral force of diagonal strut S 
resists Vjh, the amount of compressive stresses in somewhat slant struts must increase 
to oppose the same Vjh. Figure 2 visually depicts it. Figures 2a and 2b additionally, 
it could be recorded that once diagonal fracturing in joint begins Situated between 
the steel reinforcing bars, the truss stabilizes.

The slab’s presence deserves additional emphasis. The torsion of the transverse 
beam is believed to impart joint shear [10], which is said to provide a mechanism for 
resisting the tensile pressures in the slab bars. To calculate Vjh (as shown in Fig. 2c), 
the tensile force of the longitudinal beam bars (T sb) and the force applied by the 
slab frames (T ss) are combined. When calculating pt in this study, this information 
is taken into consideration.
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(a) (b) (c) 

Fig. 2 Formation of diagonal strut for a α = 1, b α = 2 and  c horizontal and vertical shear of 
exterior BCJ

3 Numerical Studies 

3.1 FE Model 

ANSYS v.22 is used to run the numerical simulations. The relaxed kinematic 
constraint micro plane model is the constitutive law for concrete [9, 11, 12]. Using 
8-node hexahedral components with mesh widths ranging from 20 to 30 mm, we 
simulate concrete. Modeling of re-steel involves the use of 2-node elements of truss 
using a tri-linear uniaxial stress strain law. Lettow’s bond connection components 
with zero width are used to illustrate the bonding between reinforcing steel and 
concrete. 

3.2 Explored Connections (Beam-Column Joints) 

In this work, the examined beam-column junctions are depicted in Fig. 3. The purpose 
of the study is to assess how the principal tensile stress pt has changed over time 
in relation to various aspect ratios. It is specifically looked at how the existence of 
transverse beams and slab affects how the pt trend for 3D joints differs from that 
for 2D joints. It should be noted that the behavior of the joints is typically analyzed 
under the assumption that the beam is uniformly pulled downwards, as would occur 
when the slab is in tension.

The sub-assembly of the beam-column joint and the example with a 400 mm 
beam level is shown in Fig. 4 along with its dimensions and reinforcing features. The 
400 × 400 mm column cross section is consistently preserved, and aspect ratio is 
consistently altered by merely adjusting beam height. When the concrete coverings 
are 50 and 50 mm from the bar diameter and bar core., aspect ratio in Fig. 4 is equal
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Fig. 3 Exterior BCJ; a 3D joint b Corner joint and c Edge joint

Fig. 4 Structural configuration and intricate features of beam-column joints 

to 1.3. For every simulation, concrete cylinder with a 30 MPa compressive strength 
is used. 

The longitudinal beam’s transverse beam bars were similarly fastened with a 90° 
angle hook in the corner joint case. In view of an edge junction, the bars penetrate 
exactly through it. Bottom slab reinforcement bars are fixed straight, but the top 
slab reinforcement bars end together in 90° hook. The sub-width, assembly’s which 
consists of the column and width of slab, is 1200 mm and for edge joint and 2050 mm 
for edge junction. The statistical simulations are summarized in Table 1. 

Table 1 Outline of virtual simulations 

Joint type Aspect ratio 

3D 0.625 0.90 1.13 2.0 

Corner 0.625 0.90 1.13 2.0 

Edge 0.625 0.90 1.13 2.0
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Fig. 5 Modelled Ansys members and failure pattern of edge beam and transverse beam 

3.3 Formation of Cracks in 3D Beam-Column Joints 

The simulated load–displacement curves illustrate the different stages of cracking, 
aiding in the comprehension of the behavior of the investigated beam-column connec-
tions. The various stages involved in the analysis of beam-column connections typi-
cally include the following: Joint shear cracking (J), flexural cracking in the column 
(C), torsional cracking in the transverse beam (T), flexural fracture in the loaded beam 
for two-dimensional joints (B), flexural fracture in the slab for three-dimensional 
joints (S), and flexural cracking at the onset of the slab (O) (T). 

Regarding corner joint at the failure, many types of cracks visually represented in 
Fig. 5 along with the descriptions that are used in the subsequent load–displacement 
curves. The essential fracture width of 0.3 mm is represented by the red color on 
a plot of the primary tensile strain, or 11, which shows the cracks. The joint shear 
failure of the subassembly is accompanied by a large widening of the diagonal crack 
in the core of the joint. Due to the joint’s horizontal expansion upon breakdown, 
vertical cracks progress on the back part of the joint. Furthermore, the longitudinal 
beam is torsionally stressed by the slab as evidenced by the helical fissures that run 
down its backside. 

3.4 Without a Transverse Beam and Slab, a Beam-Column 
Joint (2D) 

Figure 6 illustrates load–displacement patterns of 2D beam-column connections with 
different aspect ratios. The various cracking phases are also included to the curves. 
It is clearly seen that the curve loses stiffness with each new crack that forms. The 
earliest cracks in the beam are flexural ones, which affect all sub-assemblies. The 
curves demonstrate that as aspect ratios are increased, the stiffness of the beam rises 
and the number of cracks decreases. The increased moment of inertia of the beam 
is related to both outcomes. Additionally, the higher shear loads at the ends of the 
column are enhanced due to the increased shear strain on the beam, which results in 
flexural cracking in the column.
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Fig. 6 The load–displacement (l-d) behavior of the 2D geopolymer beam-column (GBC) joint is 
illustrated through curves 

The major tensile stresses over the aspect ratio are represented by the numbers 
in Fig. 7. The estimated values’ prospective trend is also shown. They clearly show 
that Sharma’s model fits them well [13]. 

As the aspect ratios increase, the primary tensile stress values (pt) for initial joint 
cracking and ultimate joint strength exhibit a similar trend to the vertical beam load. 
The examined 2D joints all experience shear failure.
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Fig. 7 Principle tensile stress to aspect ratio 2D GBC joint 
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3.5 Beam-Column Joints (BCJ) @ Corner 

Figure 8 displays the load–displacement behavior of edge beam-column joints with 
different aspect ratios of the lateral beam and slab. It is worth noting that the cross-
sectional properties of the loaded beam and the transverse beam in the subassembly 
are identical. As a result, the torsional capacity of the transverse beam increases 
proportionally with the aspect ratio. Analysis of the load–displacement curves reveals 
that 3D beam-column joints are more prone to cracking compared to 2D joints. 

In Fig. 5, it is possible to observe cracks caused by torsional forces resulting from 
the twisting of the transverse beam by the slab. These cracks start at the column and 
extend outward along the rear of the transverse beam. Upon closer examination, it 
has been found that as the aspect ratio increases, the torsional cracking appears at 
lower displacements and higher loads at the tip of the beam. 

Nevertheless, the loads in the corner joint exceed those in the 2D joint, leading to 
excessive bending or flexural cracks in both the slab and column. 

The load-carrying capacity of the slab and the restrictive effect of the transverse 
beam on the joint can account for the higher load values. It is also interesting to 
observe that, in comparison to 2D joints, the rigidity does not recover as quickly 
following the first joint crack. Particularly, for the aspect ratios of 1.7 and 2.3, this is 
true. The reason for this outcome could be attributed to the fact that tensile stresses 
in the slab bars decrease the ability of the struts to remain stable by increasing the 
tensile pressures that the joint shear must resist. 

The values of the initial tensile stresses, maximum joint shear strength, and initial 
joint fracture are shown in Fig. 9, together with any potential changes. The crit-
ical values of pt are expected to be higher than for 2-dimensional joints due to 3-
dimensional phenomena like slab involvement and restriction of the transverse beam 
and transverse slab toward joint. The decline of the tendency is, however, essentially 
the same.
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Fig. 8 Load–displacement curves for the corner joint of a 2D geopolymer beam-column (GBC) 
connection 
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Fig. 9 Principle tensile stress to aspect ratio 2D corner GBC joint 

3.6 Beam-Column Joints@ Edge 

Load–displacement behaviors of the end connections of beam-column joints are 
depicted in Fig. 10. Like the corner joint, which failed due to torsion of the trans-
verse beam, the edge joint with an alpha value of 0.92 also undergoes failure. The 
torsional crack appeared to originate prior to the joint cracking, according to detailed 
examination. This proves that transverse beam’s earlier failure prevented the joint’s 
ultimate shear strength from being reached. However, the edge joint has a higher peak 
load than the corner joint, which also indicates that it has a higher ultimate shear 
strength. Like with the other aspect ratios, a joint shear failure results in a loss in 
the sub-ability assembly’s capacity to carry loads. That the very first joint crack also 
happens first within those cases. Due to the edge joints’ increased slab contribution, 
which causes a greater disturbance of the strut stabilization, the stiffness recovers 
after the initial joint crack less rapidly than at corner joints.

Figure 11 displays the computed primary tensile stress values (pt) for the analyzed 
edge joints. Only the pt at initial joint fracture is taken into consideration in the trends 
for the scenario with alpha identical to 0.92 due to the transverse beam’s earlier 
torsional failure. The findings indicate that the ultimate shear capacity of corner and 
2D joints is less prone to degradation.

According to the available data, its transverse beam and corresponding slab 
possess the largest an impact on how edge joints behave during joint shear. The 
slab contribution has increased and a transverse beam is now projecting into the joint 
from two sides. For example, the primary tensile stress threshold that leads to the 
initial fracture of the joint and Priestley’s suggested aspect ratio of 1 is 0.29 fck 0.5, 
however the value rises to 0.46 fck 0.5 and 0.6429 fck 0.5 for the corner and edge 
joint, respectively.
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Fig. 10 Load displacement (ld) curves for 2D geopolymer beam-column (GBC) edge beam joint
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Fig. 11 Practical tensile stress to aspect ratio of 2D Edge GBC joint

4 Conclusions 

A 3D beam-column joint’s shear strength was evaluated by utilizing finite-element 
analysis to investigate the impact of the joint aspect ratio. It is well known that the 
primary tensile stresses for 2D joints and 3D joints have a variety of critical values 
suggested by the literature. This has happened as a result of the slab’s involvement 
and the joint’s limitation by the longitudinal beam and the slab. As the slab bars expe-
rience increasing tensile stresses, they transfer these stresses to the joint through the 
transverse beam’s twisting action, thereby intensifying the shear resistance demands
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on the joint. According to an example [4], the maximum joint shear resistance may not 
be reached when the transverse beam has relatively low torsional resistance, which 
was frequently the issue for low aspect ratios, because of prior torsional collapse 
of the lateral or transverse beam. Similar to 2D joints, the investigated 3D joints 
also experience a decrease in shear resistance as the aspect ratio increases. Upon 
comparing the reduction in ultimate joint shear capacity of 2D joints and corner 
joints to the acquired pt values trend line, it was observed that the decline in edge 
joints is slightly more significant. 
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Strength Characteristics and Impact 
Resistance of Fiber-Reinforced 
Geopolymer Concrete Elements 

Sambaiah Rayapudi and T. Chandra Sekhar Rao 

1 Introduction 

Alkali-activated compounds called Geopolymer are used in a variety of industries. 
Fly ash and GGBS are the two types of industrial wastes which are produced in India 
at a rate of roughly 300 and 11 million metric tonnes per annum, respectively. The 
key benefit of GP concrete over OPC concrete is that it should not require water 
for curing. By doing this, curing – which enable Geopolymer concrete to attain the 
required strength. To create geopolymer, silica, alumina –rich raw materials like FA 
and GGBS react with an alkaline liquid (NaOH and Na2SiO3) [1]. 

Because the greater silica content in Fine Aggregate requires heat curing to create 
strength, the combination of GGBS and Fine Aggregate based Geopolymer concrete 
helps it to acquire strength at ambient temperature [2, 3]. The prior studies also 
confirmed that the alkaline activators solution’s NaOH content can speed up the 
reaction and impair the gel’s fineness. GPC is usually made with 8 Molarity, 10 
Molarity, and 12 Molarity of NaOH, but 12 Molarity of NaOH enhances its mechan-
ical qualities better than the other two [4]. The mechanical characteristics which 
are compressive strength, tensile strength and flexural strengths are augmented by 
addition of steel fibers. Steel fiber enhanced compressive strength by 34% with 
an addition of 1.5%. Also, there was an raise in the tensile and flexural strengths 
of 62.8% and 50.7%, respectively, in normal grade cement concrete [5]. Slag-based 
geopolymer concrete’s punching shear and impact resistance are impacted by adding 
of steel fibers at 0.5%, 1%, and 1.5%. Greater energy absorption was demonstrated 
by concrete that includes 1.0% steel fiber-integrated geopolymer with toughness
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values of 4123.88 Nm for ultimate failure and 3774.40 Nm for first crack toughness. 
A steel-fiber-reinforced slag-based geopolymer having a punching shear of 224 KN 
performs better [6]. SIFCON slabs with a 12% fiber volume fraction outperform RCC 
and PCC slabs of the same size and reinforcing ratio in terms of strength and energy 
absorption. A regression model is developed to predict the impact energy absorbed 
by SIFCON slab specimens for different % fibers [7]. Resistance of slabs against 
impact load can be improved by using fiber reinforced concrete [8]. Short columns 
of blended geopolymer concrete (FA and GGBS) with hybrid fibers are tested for 
uniaxial loading. Test results of the GPC columns with hybrid fibers show similar 
modes of failure and responses on par with the conventional RCC columns with the 
same volume fraction of hybrid fibers [9]. 

The objective of this research is to create sustainable GPC employing binders 
like FA and GGBS along with traditional fine and coarse aggregates. The impact 
resistance of Fine Aggregate-GGBS based GPC was increased by the addition of 
steel fibers, and the GPC’s impact resistance was assessed using the drop hammer 
method. 

2 Experimental Program 

The experimental program is aimed at developing M45-grade GP concrete using 
trial mixes to investigate the mechanical properties and response to impact load. In 
the first phase of the study, after being cast and ambientally cured for 28 days, the 
compressive, split tensile and flexural strengths of geopolymer concrete are deter-
mined. The cube, cylindrical and beam specimens of sizes 150 × 150 × 150 mm, 
150 × 300 mm, and 500 × 100 × 100 mm, respectively, are used for the above 
study. All cube and cylindrical specimens are tested in a digital CTM with a 2000 kN 
capacity and beam specimens in a UTM with a 100 T capacity. 

In the 2nd phase, five slab specimens of 800 mm × 600 mm × 50 mm were cast 
with 0% (plain), 0.5%, 1%, 1.5%, and 2% steel fibers. In each type, two slabs are 
cast and tested under impact loading and the average value from the two test slabs is 
reported as the test result in each case. All slab elements are simply supported on all 
four edges and arranged in an iron box filled with sand on the sides to avoid lateral 
movements during testing. A weight of 20 kg is used as the falling weight, with a 
drop height of 1 m (Fig. 1).

2.1 Materials 

2.1.1 Fly Ash and GGBS 

The binding ingredients for the preparation of Geopolymer concrete are Class F fly 
ash and GGBS. Fly ash and GGBS results meet the standards of ASTM C 618 F



Strength Characteristics and Impact Resistance of Fiber-Reinforced … 497

(a) (b) (c) 

Fig. 1 a GPC specimens, b and c Testing of Slab elements under impact

and ASTM C 1697-16, respectively, in order to their both chemical and physical 
composition. 

2.1.2 Aggregates 

As a fine aggregate, sand available at river bank was employed. Geopolymer concrete 
was made using coarse particles of 20 and 12 mm. According to IS: 2386, tests 
were carried out to ascertain the aggregates’ physical characteristics. The findings 
indicated that the aggregates met the IS 383 standards. 

2.1.3 Alkaline Activator Solution 

12M concentration of sodium hydroxide (NaOH) was prepared using pellets with 
97–98 percentage of purity. The sodium silicate solution (Na2SiO3) was purchased 
from nearby vendors. The chemical formula for the sodium silicate solution is Na2O 
= 14.7%, SiO2 = 29.4%, and water = 55.9% by mass. By mass, the ratio of NaOH 
to Na2SiO3 is 2.5. 

2.1.4 Fiber Reinforcement 

At doses of 0.5%, 1.0%, 1.5%, and 2%, Geopolymer concrete was reinforced with 
glued steel fibers of 35 mm length, 0.5 mm diameter, and aspect ratio 70. Fibers are 
obtained from Fiber-Zone India in Ahmadabad, Gujarat.
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2.2 Casting of Slabs 

Using wooden molds, the slab components were molded to the required size. Before 
being applied to a mound of coarse aggregate, various fiber ratios are blended in a 
dry mixture of fly ash, GGBS, and sand for FRGPC slabs. To ensure uniform fiber 
dispersion and avoid fiber segregation or balling during mixing, hand mixing was 
performed after adding the necessary amount of alkaline liquid. Table vibration was 
used for slab specimens of the FRGPC and plain GPC. After exact one day of time, 
the test components were demolded and cured in ambient condition for the period 
of 28 days. 

2.3 Testing of Slab Elements 

The impact test was performed utilizing an in- house set up constructed in the loading 
frame with a pulley rigidly fixed to the shaft. The shaft is firmly fixed on the cross-
girders of the loading frame. Figure 1b depicts in details the test setup that was 
utilized to conduct impact testing on slab elements. 

3 Test Results and Discussions 

3.1 Compressive, Split Tensile and Flexural Strengths 

Table 1 shows the outcomes of the compression, split tensile and flexural strengths. 
According to the results, more fiber volume increases the compression, split tensile 
and flexural strengths of GPC. The GPC specimens evaluated for this study had 
compressive strengths ranging between 53 and 69 MPa, as well as tensile and flexural 
strengths of 3.6–4.92 MPa and 5.1–9.48 MPa, respectively, for different volume 
fractions of fibers. At 2% volume fraction of fiber, maximum compression, split 
tensile, and flexural strengths were achieved (Fig. 2).

For a 0.5%, 1.0%, 1.5%, and 2.0% volume fraction of fiber, the improvements in 
compressive strength at 28 days were 9.91%, 19.81%, 25.94%, and 30.19%, respec-
tively. For the same volume fraction of fibers, the percentage increases for split tensile 
are 10%, 18.89%, 30.56%, and 36.67%, while for flexural strengths, they are 15.69%, 
28.63%, 69.41%, and 75.88%. The findings demonstrate that the concrete strength 
increases then volume fraction of fiber incorporation also increased Fig. 2. 

The workability value for geopolymer mixes without steel fibers (GPCS0) is 
100 mm. The workability values for the geopolymer mixture including 0.5%, 1%, 
1.5%, and 2% steel fibers (GPCS 0.5, 1, 1.5 and 2) are 82 mm, 70 mm, 62 mm, and 
54 mm, respectively. This slump values satisfy the specifications of beam and slab
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Table 1 Mix proportion 
Materials used Quantity kg/m3 

Coarse aggregate (1293) 20 mm 
12 mm 

776 
517 

Fine aggregate – 605 

Fly ash – 197.15 

GGBS – 197.15 

Sodium hydroxide (12 M) – 41 

Sodium silicate (Na2SiO3) – 102.0 

Water added – 8% 

Fibers (steel) Diameter 0.5 mm 

Length 30 mm 

Aspect ratio 60 

Specific gravity 7.85 

Tensile strength 1.45 N/mm2 

Fig. 2 Variation of strength characteristics with % fibers

elements in casting fresh state. From GPCS 0 to GPCS 2, the workability values 
rapidly decline as the amount of steel fibers increases. 

3.2 Number of Blows for Initial Crack and Ultimate Failures 

The impact load was applied by repeatedly dropping a 20 kg mass onto the center 
of the slab’s top surface from a height of 1.0 m. The impact loading requirements 
for each slab elements considered in this study are shown in Table 1, along with the 
number of hits required to cause the initial crack. On each structural slab element,
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the number of strokes required to intimate the first crack was recorded. The amount 
of blows necessary for the first crack to appear is known as the first crack impact 
strength. The impact test was continued by dropping the hammer after the first crack 
appeared until the final failure stage was reached. 

3.3 Energy Absorption by the Slabs Under Impact Load 

Equation 1 was used to determine the energy absorption capability of each structural 
element utilized in this test. 

Energy absorption = Weight of hammer 

× height of fall × Number of blows (1) 

Weight of the hammer (20 × 9.81 N) and height of the fall (1000 mm) are kept 
constant in the above equation throughout the experiment. At both the first crack and 
ultimate phases, the GPS2 slabs shows the excellent energy absorption behaviour than 
the GPC0, GPS0.5, GPS1 and GPC1.5 slab specimens. The % increase in energy 
absorption capacity at first crack for GPS2 slabs is 10%, 29.81%, 50%, and 60.02%, 
respectively, compared to GPS1.5, GPS1, GPS0.5 and GPS0 slabs. A similar trend 
was observed for GPS2 slabs’ ultimate energy absorption capacity, with a percentage 
increase of 14.45, 40.84, 63.35, and 80.49, respectively, when compared to other 
constituent GPC slabs. The GPS0 slabs were shattered by the blow of the impact of 
hammer (Fig. 3). 

Fig. 3 Influence of % fibers on energy absorption in fiber-reinforced slabs
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3.4 Regression Model for Energy-Absorption Capacity 
of GPC Slabs 

Based on the findings of the present experiments, a simple regression model was 
developed to predict the ability of GPC slabs with and without fibers to absorb 
energy. The method of linear regression has been used to develop the model for 
energy absorption capacity. 

Y = K1 + K2X is a linear regression form, Where X and Y are the independent 
and dependent variable, K1and K2 are the regression coefficients. 

The energy- absorption capabilities up to the Initial crack (Ef) and ultimate phases 
are linked to the fiber volume fraction ( f v) and the square of the 28- days cube 
compressive strength (fck2) (Eu). To get a reduced standard deviation and higher 
correlation, the f ck 2 term was applied. So, the following equations are suggested for 
energy-absorption capabilities. 

Ef = 0.064 f 2 ck ∗ fv + 0.312 f 2 ck − 122.8 (2)  

Eu = 0.158 f 2 ck ∗ fv + 0.75 f 2 ck − 1395.75 (3) 

As shown in Fig. 4 and Table 2, the suggested regression model is capable of 
accurately predicting energy absorption at both the initial crack and ultimate impact 
strengths. 

Table 3 displays the number of impacts required to induce the first apparent 
crack and the final fracture of both plain and fiber-reinforced concrete. It is clear

Fig. 4 Variation of experimental and predicted energy absorption capacity of slabs with respect to 
V f*f ck
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Table 2 Test results of strength characteristics of GPC mixes 

Designation f ck at 28 
days in 
N/mm2 

f t specimen 
at 28days in 
N/mm2 

f cr at 28 
days in 
N/mm2 

The no. of blows 
required to cause 
initial crack Impact 
strength (N1) 

The no. of blows at 
ultimate impact 
strength (N2) 

GPCS0 53 3.6 5.1 4 4 

GPCS0.5 58.25 3.96 5.9 5 7 

GPCS1 63.5 4.28 6.56 6 11 

GPCS1.5 66.75 4.7 8.64 9 16 

GPCS2 69 4.92 9.48 10 19 

Note Compressive strength ( f ck), Split tensile Strength ( f t), Flexural Strength ( f cr)

Table 3 Experimental and predicted values of energy absorption of slab elements at first and 
ultimate loads 

Designation N1 Actual 
value 

Predicted 
value 

% 
Difference 

N2 Actual 
value 

Predicted 
value 

% 
Difference 

Ef in (N-m) Eu in (N-m) 

GPCS0 4 784.4 750.80 4.28 4 784.4 725.05 7.57 

GPCS0.5 5 981 1037.63 −5.77 7 1373.4 1417.10 −3.18 

GPCS1 6 1377.2 1389.29 −0.88 11 2158.2 2245.53 −4.05 

GPCS1.5 9 1765.8 1690.61 4.26 16 3139.2 3001.89 4.37 

GPCS2 10 1962 1967.28 −0.27 19 3728 3679.48 1.30 

that the presence of steel fibers in the mix significantly increased the number of 
blows required for the first crack to form and the final fracture to occur. When the 
fiber volume fractions were increased to 1%, N2 grew by N1 of 2.5, whereas the 
mix containing 0.5% steel fiber exhibited an increase in N2 by N1 of 2.0 times at 
28 days. A further increase in the fiber volume percentage to 1.5% and 2% revealed, 
respectively, an increase in N2 by N1 of 1.4 and 1.5 times. This shows the amount 
of reserve strength the elements had from the commencement of the first crack to 
complete failure. 

3.5 Numerical Simulation and Failure Pattern 

In ABACUS/Explicit Version 6.7 (2017) computer code, five FE models are created: 
The ABACUS/Explicit element library provides a wide range of element formu-
lations based on various integration methodologies. The slab component and the 
impactor are discretized using a 3-D- stress 8- node solid element (C3D8R) with 
reduced integration. This element is commonly used in structural member impact 
simulations. Free falling velocity of 4.43 m/sec is applied to drop weight to create
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Fig. 5 A comparison of experimental and numerical damage of fiber reinforced GPC slabs 

impact on the slab with a step time of 5 s. The total energy absorbed by the specimen 
before failure and stress contours are extracted from the visualization module. It is 
evident from Fig. 5 that the failure pattern shown by the numerical analysis performed 
on the plain and fibrous GPC slabs is consistent with that shown in the experimental 
investigation. As a consequence, it was established that the experimental and numer-
ical results were in good accord. When contrasted to the experimental failure of the 
elements, the deformed plot of every specimen (Fig. 5) exhibits a comparable crack 
pattern. 

The incorporation of fiber into concrete changed the failure pattern from a single large crack 
to a group of narrow cracks, demonstrating the beneficial effects of fiber-reinforced concrete 
when subjected to impact loading, which is consistent with previous studies [10, 11] 

4 Conclusions 

1. As the percentage of fiber increased, the compressive, tensile, and flexural 
strengths of GPC improved. The compressive, tensile, and flexural strengths 
were increased by a maximum of 30.19%, 36.67%, and 75.88%, respectively, 
with the addition of 2% steel fiber in comparison to plain GPC. 

2. All the fiber-reinforced GPC showed higher first- crack impact energy than the 
plain GPC due to the fiber’s ability to bridge micro fissures. 

3. When compared to plain GPC and other fiber-reinforced slabs, the GPCS2 slab 
specimens withstood high impact loads before failure and exhibited smaller crack 
widths.
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4. Based on the current experimental data, regression models were presented to 
predict the impact energy at the initial crack and ultimate phases. Theoretical 
hypothesis match well with the experimental results reported here. 

5. Numerical analysis is consistent with the experimental investigations in 
predicting failure patterns. 
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Evaluation of Influence of Diaphragm 
Flexibility on the Seismic Response 
of RCC Buildings with Slab Openings 

R. Pooja and B. Kavitha 

1 Introduction 

Due to architectural requirements, asymmetric structures become inevitable but they 
suffer more seismic damage when compared with symmetric structures due to plan 
irregularity. Shear walls are suggested in such asymmetrical structures to decrease 
the lateral load in the columns [1]. The suitable seismic analysis for asymmetrical 
structures is studied to support new guidelines. Static analysis and dynamic analysis 
were carried out for L and W shape. It is found that static analysis generates deflection 
values that are within the limit; however, time history analysis generates deflection 
values that are significantly higher than the permissible limit. Response spectrum 
analysis also does not satisfy the deflection criteria but it yields deflection values 
less than the time history analysis. Staad Pro, Etabs, and SAP 2000 are used for 
seismic analysis to study the effects of seismic parameters in irregular buildings. It 
is suggested to adopt dynamic analysis for irregular structures which are more than 
height of 40 m [2]. Both linear and non-linear analysis were carried out to study the 
dynamic behavior of irregular structures. It is noticed that equivalent static analysis 
ignores the irregularity effects yielding abnormal results while pushover analysis 
yields detrimental results for vertical distribution of lateral force [3]. 

Diaphragm discontinuities, like slab openings affects the structure’s stiffness Baby 
and Sreeja [4]. In recent studies with mass irregularity, force is directly proportional 
to the displacement. Therefore, since displacement is high for irregular models, 
shear force is high which causes an increase in time period compared to regular 
models thereby reducing the performance of the structure in earthquakes [5]. The
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effect of slab openings at different locations with different column shapes including 
rectangular, square and square are investigated using response spectrum analysis. 
Base shear is observed to increase with increase in the area of openings. From the 
base shear, displacement and drift point of view, slab opening at center position is 
found to be more suitable under seismic behavior [4]. Equivalent static analysis and 
pushover analysis are done for structure with slab openings at center, corner and 
periphery. It is observed that slab opening at the periphery case is effective. 

The diaphragm is a horizontal load resisting element, which ties the structural 
components together maintaining the structural homogeneity. In general, diaphragms 
are thought of being rigid, indicating no relative displacement between the member’s 
nodes. Assumption of no relative displacement in the diaphragm makes the computa-
tional process simpler by reducing the degree of freedom. Therefore, the concept of 
a flexible diaphragm is primarily considered in structures like composite structures. 
But in many practical cases of RCC buildings, such as plan asymmetric buildings 
and buildings with slab openings, rigid diaphragm consideration is invalid due to 
relative displacement. 

From various nation codes which describe diaphragm flexibility in terms of qual-
itative criteria and quantitative criteria. It is concluded that quantitative criteria are 
not accurate enough and an error formula is given to reform those criteria. It is also 
inferred from previous work that diaphragm flexibility affects the time period and 
mode shape of the structure [6]. In this paper, asymmetric buildings were studied 
for seismic behavior with flexible diaphragms. It is inferred from the results that 
diaphragm flexibility leads to a high fundamental time period and these results can 
be generalized for low rise buildings [7]. In this paper RCC building with varying 
levels of flexibility along with plan irregularity is analyzed by linear time history anal-
ysis using Etabs software. The results indicate that seismic demand parameters, beam 
forces and column forces were affected by diaphragm flexibility [8]. In this study, 
the definition of Center of Rigidity has been extended to flexible diaphragm. The 
torsional provisions building with flexible floor as specified by the code is illustrated 
by superposition-based analysis procedure.

1.1 Classification of Diaphragm 

The classification of diaphragm is different in various nation codes which is briefly 
furnished in Table1. As per IS 1893-2016, a diaphragm is rigid when displacement 
at its midpoint is less than 1.2 times the average of end displacements and hence 
vice-versa for flexible diaphragm which is presented in Fig. 2. Rigid diaphragm is 
capable of rotational or torsional behavior whereas flexible diaphragm is not capable. 
In rigid diaphragms, the load is distributed as per the relative stiffness of the elements 
and in the flexible diaphragms, the load is distributed according to the tributary area 
which is pictorially represented in Fig. 1.
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Fig. 1 Pictorial representation of rigid and flexible diaphragm

Table 1 Definition of flexible diaphragm as per various codes 

Code No Code nation Year Description 

EC8 Eurocode 8 1994 If horizontal displacement of a 
diaphragm exceed the results by more 
than 10% of the rigid diaphragm 
assumption, then it is considered as 
flexible diaphragm 

UBC Uniform building code 1994 If the max. lateral displacement is more 
than 2 times the average story drift of 
the diaphragm, then it is termed as 
flexible diaphragm 

IS 1893 Indian standard code 2016 If a diaphragm deforms in such a way 
that the maximum lateral displacement 
measured from the chord of the 
deformed shape at any point of the 
diaphragm is more than 1.2 times the 
average displacement at ends 

ASCE 7 American society of civil engineers 2022 Under lateral load, if the maximum 
deformation is more than 2 times the 
average drift of the lateral 
force-resisting system, then it is 
flexible diaphragm

2 Objectives

(1) To provide openings in diaphragm at different places and study the seismic 
response of the structure. 

(2) To incorporate the different levels of flexibility in diaphragm under the seismic 
action.
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Fig. 2 Flexible floor diaphragm as per IS 1893:2016

(3) To assess the seismic reaction parameters utilizing response spectrum analysis 
in the Etabs program, such as base shear, displacement, and inter-story drift. 

3 Building Properties and Model 

The properties of the building model considered and loading conditions given were 
presented in Table 2. The 3D representation of the model is shown in Fig. 3. The  
plan dimensions, bay width, no. of bays and percentage of openings were discussed 
in Table 3. 

Table 2 Properties and loading conditions 

No of story G + 5 
Story height 3.5 m 

Number of bays and width 6 bays in both directions of 6 m × 3.5 m 

Grade of concrete M 30  

Grade of steel Fe 415 

Beam size and column size 200 mm × 400 mm and 400 mm × 400 mm 

Live load 3 kN/m2 

Roof live load 1.5 kN/m2 

Floor finish 1 kN/m2 

Seismic zone III 

Response reduction factor 5 

Importance factor 1 

Soil type Medium
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Fig. 3. 3D Model of the structure 

Table 3 Model details 

Model 
name 

Plan dimensions No. of bays in 
the direction of 

Bay width in 
direction of 

Size of 
opening 

% of opening 

X Y X Y 

No 
opening 

42 m × 22.5 m 7 5 6 m 4.5 m – – 

Center 
opening 

42 m × 22.5 m 7 5 6 m 4.5 m 1 no. of 
3 m  × 3 m  

1% 

Corner 
opening 

42 m × 22.5 m 7 5 6 m 4.5 m 4 nos. of 
2 m  × 2 m  

7% 

4 Results and Discussions 

The base shear parameter is represented graphically in Fig. 4a and b as Base shear 
in X and Y direction respectively. Similarly, maximum story displacement in X and 
Y direction is represented in Fig. 5a and b, respectively. The story displacement is 
plotted in Fig. 6a and b for X and Y direction, respectively. The axial force, shear force 
and bending moment were graphically presented in Figs. 7, 8 and 9, respectively.

4.1 Base Shear 

From the above graph, under each opening case, it is observed that base shear 
decreases with increase in diaphragm flexibility. The base shear is maximum at no
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Fig. 4 a Base shear in X direction, b Base shear in Y direction

opening case, decreasing in the order of center opening followed by corner opening. 
Base shear value is found to be higher in Y direction compared to X direction. 

4.2 Maximum Story Displacement 

In both X and Y direction, maximum displacement increases with increase in flexi-
bility in all opening cases. Displacement is found to be higher in Y direction compared 
to X direction. Corner opening has maximum displacement compared to other cases.
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Fig. 5 a Max. story displacement in X direction, b Max. story displacement in Y direction

4.3 Maximum Story Drift 

Story drift is constant for no opening and center opening case in both directions. It 
increases drastically for the corner opening case. 

4.4 Column Forces 

As the flexibility increases, axial load carrying capacity of the column increases. This 
demonstrates that there is a force transfer from lower to higher stiffer materials. In 
comparison to other cases, the corner opening case has a much lower load carrying 
capacity.
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Fig. 6 a Story drift in X direction, b Story drift in Y direction

4.5 Beam Forces 

As the flexibility % rises, the shear force and bending moments decrease. The corner 
opening instance has the lowest beam forces.
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5 Conclusion 

Seismic response parameters were investigated for rigid diaphragm and flexible 
diaphragm with 25% and 50% flexibility no opening, a center opening, a corner 
opening cases. The results are quantitatively expressed as follows: 

(1) Base shear decreases by 10.5% and 13% in both X and Y directions under all 
opening cases. 

(2) In both X and Y direction, increase of 11% and 14.5% maximum story displace-
ment is observed for no opening and center opening. For corner opening case, in 
X direction, increase of 12.5% and 15.75% displacement is observed whereas 
in Y direction, 11.2% and 14.65% increase is. 

(3) An increase of 12% and 15% story drift is observed under no opening and center 
opening case in X direction. In Y direction, an increase of 14% and 13% in no 
opening case whereas 9.77% and 13% increase for center opening case. Corner 
opening case has increase of 5.8% and 13% in X direction whereas Y direction 
yields 7.69% and 20% increase of story drift. 

(4) Under axial force, slight increase is seen as flexibility increases, which is not 
significant. 

(5) Shear force decreases by 31% and 36% in X direction and 37% and 43% in Y 
direction for no opening and center opening cases in both X and Y directions. 

(6) Bending moment is observed to decrease by 37% and 43% for no opening and 
center opening case which is slightly different for corner opening case as 33% 
and 37%. 
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