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Foreword

Structural Engineering Convention (SEC-2014) is organised by IIT Delhi at Delhi
during 22-24 December 2014. Its proceedings are published in three volumes. The
first and second volumes contain papers dealing with the themes of Mechanics of
Structures and Structural Dynamics, respectively. The present third volume con-
tains research papers dealing with Structural Materials and Structural Behaviour.

On Structural Materials

In contrast to plant-manufactured materials like steel and cement, and naturally
occurring materials like wood, concrete is designed and produced by civil engineers
in the concrete plants or even at the construction site itself. Designing concrete
mixes for achieving the specified strength, durability and economy requires con-
siderable knowledge about the physical, chemical and mechanical properties of
concrete. Perhaps, this is why most of the papers on structural materials presented
here deal with concrete and its constituent materials.

Extended cost-benefit analysis of infrastructural projects demands that their
negative environmental impacts should be included in the estimation of their costs.
On this score, energy-intensive process of cement manufacture is known to make
substantial contribution to global warming. Use of waste pozzolanic mineral matter
as part replacement of cement for producing concrete is credited to be an attempt
towards reducing such negative impacts. In this context, geopolymers promise to be
a substitute for cement in concrete. Geopolymers are composed of alkali-activated
silicon molecular chains similar to carbon-based polymers. As in the case of cement
hydration, polymerisation of geopolymers results in the development of cohesive
and adhesive properties. These papers deal with the mix design and properties of
geopolymer materials and its applications in concrete structures and masonry
blocks. For achieving the same purpose, search is on for cement clinker
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replacements. Of course, research on the pozzolanic cement concrete continues.
Because of their environmental friendliness, 10 papers are devoted to the produc-
tion and properties of these materials.

It is worth remembering that the consumption of aggregate in concrete is about
three to four times that of the cement. This is why their continued availability in the
coming decades is a matter of concern. Many potential substitutes for the currently
popular crushed aggregate have been explored. These substitutes include river and
marine sand, quarry dust, marble powder, recycled aggregate, demolished concrete,
rubber particles, polyethylene terephthalate (PET) granules, etc. Some papers in
these proceedings deal with these alternatives to aggregates in concrete.

Fibre-reinforced concretes (FRC) exhibit higher impact resistance and better
cracking control. Here, some papers explore the effectiveness of biofibres, poly-
propylene and nanocarbon fibres in addition to the more popular steel and glass
fibres. Bamboo concrete has also been explored as an alternative structural material.

About seven papers report investigations dealing with the durability of concrete
and corrosion of rebars. Chemically deteriorating effect of sea water, rain, etc., on
the properties of concretes containing high-volume fly ash and rice husk ash, high
strength concrete and fibrous mortars is investigated. Also, the vulnerability of
reinforcement steel bars to corrosion on exposure to marine as well as to chloride
and sulphate-bearing ambient environment is delineated. A model for the prediction
of service life of concrete structures is also presented.

Mix design procedures for pozzolanic, high performance, fibrous and self-com-
pacting concrete are continuously being upgraded. Of course, new concrete con-
stituents like geopolymers, aggregate substitutes and fibres demand the acquisition
of the required empirical database as well as the development of appropriate concrete
mix design procedures. Most of these papers present the results of experimental
investigations. The absence of any papers on the constitutive models simulating the
damage, elastoplastic, viscoelastic and viscoplastic response of concrete is noted.

On Structural Behaviour

Perhaps, because of considerable seismic risk to public life and property, the dis-
cipline of structural dynamics is dominated by seismic analysis and design. This
observation is confirmed by the almost total absence of the papers, in this con-
ference, on the other sources of dynamic loading on structures. It is well known that
the classical theory of linear elastic vibrations is not valid for nonlinear elastoplastic
concrete structures. Because of the complexity of seismic behaviour of concrete
structures, the present methods of their seismic analysis and design are predomi-
nantly empirical-computational in nature. Many papers, about one-third of those on
structures, in this volume are devoted to their static, quasi-static and dynamic
response.
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Structural performance of concrete non-ductile frames as well as frames with
infills and shear walls is investigated. Static response of concrete structures with
welded rebars, shear-deficient concrete beams, fibre-reinforced concrete beams,
partially prestressed concrete, slabs, precast structures, etc., is reported. Pushover
analysis as an essential input to seismic analysis is presented. Effect of exposure to
elevated temperatures or fire is determined. Behaviour of precast member con-
nections and concrete members under fatigue and load reversal is also investigated.
The effectiveness of metallic dampers in enhancing the lateral capacity is evaluated.
The progressive collapse of buildings and the cyclic response of concrete shear
walls are presented. One paper each is devoted to the determination of the natural
period of infilled concrete frames and to the dynamic stability of concrete beam
columns. Effect of buoyancy on rafts of a building with five basements is deter-
mined. At least 15 papers report their findings on these issues.

Failure of concrete frames is catastrophic when it is triggered by the column
failure than by beam failure. Perhaps, this is why there are about four papers on the
performance of concrete columns. Most of these papers deal with the behaviour of
concrete-filled steel tube (CFST) columns. Tension stiffening in torsion as well as
cyclic behaviour of reinforced concrete (RC) columns is also studied.

Concrete structures partially damaged by moderate earthquakes need to be
strengthened or retrofitted. Also, structures may have to be strengthened to satisfy
the more stringent design requirements of the revised design code or to enhance
their load carrying capacity. Such retrofitting is carried out by jacketing the
structural members with glass or carbon fibre-reinforced plastic (GFRP or CFRP)
sheets. The bond-slip relations for such FRP sheets have been studied. The per-
formance of the FRP columns and beams in flexure and shear is evaluated. One-
way spiral ties and ultra-high performance concrete overlay have been explored for
retrofitting. Also, the effectiveness of glass reinforced plastic fibre (GRPF) rebars as
potential replacement for steel rebars is evaluated. Nine papers are devoted to
search for effective retrofitting measures.

Behaviour of steel and masonry structures beyond the linear elastic range is not
so well understood. The effectiveness of braced steel frames in enhancing their
seismic resistance is evaluated. Other problems dealt with here include stress
concentration in tubular member connections, fatigue life of welded and bolted
connections, complex behaviour of fillet welds, etc. Strength values exhibited by
LDSS columns with different section details are compared. Low-cycle fatigue
resistance and fatigue-induced damage of bridges upon overloading as well as
performance of FRP-strengthened bridges are evaluated. Performance of concrete
block masonry, compressed earth blocks, rammed earth columns and soft brick and
strong mortar masonry is reported. In-plane and out-of-plane behaviour of masonry
walls is explored. Seven and five papers are devoted to steel and masonry struc-
tures, respectively. A paper is presented which identifies the challenges posed by
the tall buildings to the profession.

Uncertainties in the structural properties as well as the loading details demand
probability-based approaches to structural analysis and design. Risk and confidence
levels associated with even well-designed structures are to be evaluated. Reliability
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analysis may demand stochastic simulation. An attempt to establish the relation
between the damage index and fragility curve of concrete structures is reported. The
reliability of petroleum and geotechnical structures is reported. About five papers
address these research issues.

Considerable research attention is currently being focused on the development of
economical non-destructive testing (NDT) methods for evaluating the performance
of structures. Vibration-based as well as wave-based methods are being developed
for the purpose of damage detection and structural health monitoring. Sensitivity of
piezo material lead zirconate titanate (PZT) patches is determined. New areas, like
piezoelectric energy harvesting, beyond structural engineering are being explored.
Degradation of concrete strength upon exposure to fire can be quantified by using
NDT methods.

Dr. Gurmail S. Benipal

Associate Professor

Department of Civil Engineering
Indian Institute of Technology (IIT)
Hauz Khas, New Delhi, India



Preface

I am delighted that the Department of Civil Engineering, Indian Institute of
Technology (IIT) Delhi has hosted the eagerly awaited and much coveted 9th
Structural Engineering Convention (SEC2014). The biennial convention has
attracted a diverse range of civil and structural engineering practitioners, acade-
micians, scholars and industry delegates, with the reception of abstracts including
more than 1,500 authors from different parts of the world. This event is an
exceptional platform that brings together a wide spectrum of structural engineering
topics such as advanced structural materials, blast resistant design of structures,
computational solid mechanics, concrete materials and structures, earthquake
engineering, fire engineering, random vibrations, smart materials and structures,
soil-structure interaction, steel structures, structural dynamics, structural health
monitoring, structural stability, wind engineering, to name a few. More than 350
full-length papers have been received, among which a majority of the contributions
are focused on theoretical and computer simulation-based research, whereas a few
contributions are based on laboratory-scale experiments. Amongst these manu-
scripts, 205 papers have been included in the Springer proceedings after a thorough
three-stage review and editing process. All the manuscripts submitted to the
SEC2014 were peer-reviewed by at least three independent reviewers, who were
provided with a detailed review proforma. The comments from the reviewers were
communicated to the authors, who incorporated the suggestions in their revised
manuscripts. The recommendations from three reviewers were taken into consid-
eration while selecting a manuscript for inclusion in the proceedings. The
exhaustiveness of the review process is evident, given the large number of articles
received addressing a wide range of research areas. The stringent review process
ensured that each published manuscript met the rigorous academic and scientific
standards. It is an exalting experience to finally see these elite contributions
materialise into three book volumes as SEC2014 proceedings by Springer entitled
“Advances in Structural Engineering”. The articles are organised into three volumes
in some broad categories covering subject matters on mechanics, dynamics and

ix
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materials, although given the diverse areas of research reported it might not have
been always possible.

SEC2014 has ten plenary speakers, who are eminent researchers in structural
engineering, from different parts of the world. In addition to the plenary sessions on
each day of the convention, six concurrent technical sessions are held every day to
assure the oral presentation of around 350 accepted papers. Keynote speakers and
session chairmen for each of the concurrent sessions have been leading researchers
from the thematic area of the session. The delegates are provided with a book of
extended abstracts to quickly browse through the contents, participate in the pre-
sentations and provide access to a broad audience of educators.

A technical exhibition is held during all the 3 days of the convention, which has
put on display the latest construction technologies, equipment for experimental
investigations, etc. Interest has been shown by several companies to participate in
the exhibition and contribute towards displaying state-of-the-art technologies in
structural engineering. Moreover, a pre-convention international workshop organ-
ised on “Emerging Trends in Earthquake Engineering and Structural Dynamics” for
2 days has received an overwhelming response from a large number of delegates.

An international conference of such magnitude and release of the SEC2014
proceedings by Springer has been the remarkable outcome of the untiring efforts
of the entire organising team. The success of an event undoubtedly involves the
painstaking efforts of several contributors at different stages, dictated by their
devotion and sincerity. Fortunately, since the beginning of its journey, SEC2014
has received support and contributions from every corner. I thank them all who
have wished the best for SEC2014 and contributed by any means towards its
success. The edited proceedings volumes by Springer would not have been possible
without the perseverance of all the committee members.

All the contributing authors owe thanks from the organisers of SEC2014 for
their interest and exceptional articles. I also thank the authors of the papers for
adhering to the time schedule and for incorporating the review comments. I wish to
extend my heartfelt acknowledgment to the authors, peer-reviewers, committee
members and production staff whose diligent work put shape to the SEC2014
proceedings. I especially thank our dedicated team of peer-reviewers who volun-
teered for the arduous and tedious step of quality checking and critique on the
submitted manuscripts. I am grateful to Prof. Tarun Kant, Prof. T.K. Datta and
Dr. G.S. Benipal for penning the forewords for the three volumes of the conference
proceedings. I wish to thank my faculty colleagues at the Department of Civil
Engineering, Indian Institute of Technology (IIT) Delhi, and my Ph.D. Research
Scholars for extending their enormous assistance during the reviewing and editing
process of the conference proceedings. The time spent by all of them and the
midnight oil burnt is greatly appreciated, for which I will ever remain indebted. The
administrative and support staff of the department has always been extending their
services whenever needed, for which I remain thankful to them. Computational
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laboratory staff of the department had handled the online paper submission and
review processes, which hardly had any glitch therein; thanks to their meticulous
efforts.

Lastly, I would like to thank Springer for accepting our proposal for publishing
the SEC2014 conference proceedings. Help received from Mr. Aninda Bose, the
acquisition editor, in the process has been very useful.

Vasant Matsagar
Organising Secretary, SEC2014
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About Structural Engineering
Convention (SEC) 2014

The ninth structural engineering convention (SEC) 2014 is organised at Indian
Institute of Technology (IIT) Delhi, for the first time in the capital city of India,
Delhi. It is organised by the Department of Civil Engineering during Monday, 22nd
December 2014 to Wednesday, 24th December 2014. The main aim towards
organising SEC2014 has been to facilitate congregation of structural engineers of
diverse expertise and interests at one place to discuss the latest advances made in
structural engineering and allied disciplines. Further, a technical exhibition is held
during all the 3 days of the convention, which facilitates the construction industry to
exhibit state-of-the-art technologies and interact with researchers on contemporary
innovations made in the field.

The convention was first organised in 1997 with the pioneering efforts of the
CSIR-Structural Engineering Research Centre (CSIR-SERC), Council of Scientific
and Industrial Research, Chennai and Indian Institute of Technology (IIT) Madras.
It is a biennial event that attracts structural engineers from India and abroad, from
both academia and industry. The convention, as much as it did in its history,
is contributing to scientific developments in the field of structural engineering in a
global sense. Over the years, SEC has evolved to be truly international with suc-
cessive efforts from other premier institutes and organisations towards the devel-
opment of this convention.

Apart from the 3 days of the convention, an international workshop is also
organised on “Emerging Trends in Earthquake Engineering and Structural
Dynamics” during Saturday, 20th December 2014 to Sunday, 21st December 2014.
Eleven experts in the areas of earthquake engineering and structural dynamics
delivered keynote lectures during the pre-convention workshop. The convention
includes scholarly talks delivered by the delegates from academia and industry,
cultural programmes presented by world-renowned artists, and visits to important
sites around the historical National Capital Region (NCR) of Delhi.
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Mix Design of Fly Ash Based Geopolymer
Concrete

Subhash V. Patankar, Yuwaraj M. Ghugal and Sanjay S. Jamkar

Abstract Geopolymer is a new development in the world of concrete in which
cement is totally replaced by pozzolanic materials like fly ash and activated by highly
alkaline solutions to act as a binder in the concrete mix. For the selection of suitable
ingredients of geopolymer concrete to achieve desire strength at required workability,
an experimental investigation has been carried out for the gradation of geopolymer
concrete and a mix design procedure is proposed on the basis of quantity and fineness
of fly ash, quantity of water, grading of fine aggregate, fine to total aggregate ratio.
Sodium silicate solution with Na,O = 16.37 %, SiO, = 34.35 % and H,O =49.28 %
and sodium hydroxide solution having 13 M concentration were maintained constant
throughout the experiment. Water-to-geopolymer binder ratio of 0.35, alkaline
solution-to-fly ash ratio of 0.35 and sodium silicate-to-sodium hydroxide ratio of
1.0 by mass were fixed on the basis of workability and cube compressive strength.
Workability of geopolymer concrete was measured by flow table apparatus and cubes
of 150 mm side were cast and tested for compressive strength after specified period of
oven heating. The temperature of oven heating was maintained at 60 °C for 24 h
duration and tested 7 days after heating. It is observed that the results of workability
and compressive strength are well match with the required degree of workability and
compressive strength. So, proposed method is used to design normal and standard
geopolymer concrete.
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1 Introduction

Use of concrete is globally accepted due to ease in operation, mechanical properties
and low cost of production as compared to other construction materials. An
important ingredient in the conventional concrete is the Portland cement. Produc-
tion of Portland cement is increasing due to the increasing demand of construction
industries. Therefore the rate of production of carbon dioxide released to the
atmosphere during the production of Portland cement is also increasing. Generally
for each ton of Portland cement production, releases a ton of carbon dioxide in the
atmosphere [1]. The green house gas emission from the production of Portland
cement is about 1.35 billion tons annually, which is about 7 % of the total
greenhouse gas emissions [2]. Moreover, cement production also consumes
significant amount of natural resources. Therefore to reduce the pollution, it is
necessary to reduce or replace the cement from concrete by other cementitious
materials like fly ash, blast furnace slag, rice husk ash, etc.

Fly ash is a by-product of pulverized coal blown into a fire furnace of an
electricity generating thermal power plant. According to the survey, the total fly ash
production in the world is about 780 million tons per year but utilization is only
about 17-20 % [2, 3]. In India more than 220 million tons of Fly ash is produced
annually [4]. Out of this, only 35-50 % fly ash is utilized either in the production of
Portland pozzolana cement, workability improving admixture in concrete or in
stabilization of soil. Most of the fly ash is disposed off as a waste material that
covers several hectares of valuable land. The importance of using fly ash as a
cement replacing material is beyond doubt. Malhotra [5, 6] recommended replacing
cement by fly ash up to 60 % known as high volume fly ash concrete. But it was
observed that the pozzolanic action of fly ash with calcium hydroxide formed
during the hydration of cement is very slow. The particles of size less than 45 um
are responsible for pozzolanic reaction. Higher size particles present in fly ash acts
as filler.

Therefore for complete replacement of cement by fly ash and to achieve the
higher strength within a short period of curing, Davodavits [7, 8] suggested the
activation process of pozzolanic material that are rich in silica and alumina like fly
ash with alkaline elements at certain elevated temperature. Fly ash when comes in
contact with highly alkaline solutions forms inorganic alumino-silicate polymer
product yielding polymeric Si-O—Al-O bonds known as Geopolymer [7-9].

To produce concrete of desired strength, various mix proportioning methods are
used on the basis of type of work, types, availability and properties of material, field
conditions and workability and durability requirements. Rangan [10] have proposed
the mix design procedure for production of fly ash based geopolymer concrete
whereas Anuradha et al. [11] have presented modified guidelines for mix design of
geopolymer concrete using Indian standard code.

As geopolymer concrete is a new material in which cement is totally replaced by
fly ash and activated by alkaline solutions. Chemical composition, fineness and
density of fly ashes are different from cement. Similarly, in cement concrete, water
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plays main role during hydration process while water come out during polymerisation
process as in case of geopolymer concrete. Therefore it is necessary to develop a new
mix design procedure for geopolymer concrete to achieve desired strength at required
workability.

So, in the present investigation, geopolymer concrete mix design procedure is
proposed on the basis of quantity and fineness of fly ash to achieve desired strength
[12], quantity of water to achieve required degree of workability [13], grading of
fine aggregate [14] and fine-to-total aggregate ratio by maintaining solution-to-fly
ash ratio by mass of 0.35 [15], water-to-geopolymer binder ratio of 0.35 [16],
sodium silicate-to-sodium hydroxide ratio by mass of 1 [17] and tested after oven
heating at a temperature 60 °C for duration of 24 h and tested after test period of
7 days [13].

2 Experimental Work

2.1 Materials

In the proposed mix proportioning method, low calcium processed fly ash of
thermal power plant was used as source material. The laboratory grade sodium
hydroxide in flake form (97.8 % purity) and sodium silicate (50.72 % solids)
solutions are used as alkaline activators. Locally available river sand is used as fine
aggregate and locally available 20 and 12.5 mm sizes crushed basalt stones are used
as coarse aggregates.

2.2 Parameters Considered for Mix Proportioning
of Geopolymer Concrete

For the development of fly ash based geopolymer concrete mix design method,
detailed investigations have been carried out and following parameters were
selected on the basis of workability and compressive strength.

A. Fly ash

Quantity and fineness of fly ash plays an important role in the activation process
of geopolymer. It was already pointed out that the strength of geopolymer
concrete increases with increase in quantity and fineness of fly ash [12]. Simi-
larly higher fineness shows higher workability and strength with early duration
of heating. So, the main emphasis is given on quantity and fineness of fly ash in
the development of mix proportioning procedure of geopolymer concrete. So, in
the proposed mix design procedure, quantity of fly ash is selected from Fig. 1 on
the basis of fineness of fly ash and target strength [12].



1622 S.V. Patankar et al.

(L Fineness
of Fly ash,
@ 60 mélkg
% = 265
8 50 1
a +* 327
g 40
= 367
L2}
& 2 430
w5
8 20
=%
g
O 10+

200 250 300 350 400 450 500 550 600 650
Quantity of Fly ash in kg/m>

Fig. 1 Effect of quantity of fly ash on compressive strength for different fineness at solution-to-fly
ash ratio of 0.35 [12]

B. Alkaline Activators
In the present investigation, sodium based alkaline activators are used. Single
activator either sodium hydroxide or sodium silicate alone is not much effective
as clearly seen from past investigation [17]. So, the combination of sodium
hydroxide and sodium silicate solutions are used for the activation of fly ash
based geopolymer concrete. It is observed that the compressive strength of
geopolymer concrete increases with increase in concentration of sodium
hydroxide solution and or sodium silicate solution with increased viscosity of
fresh mix. Due to increase in concentration of sodium hydroxide solution in
terms of molarity (M) makes the concrete more brittle with increased com-
pressive strength. Secondly, the cost of sodium hydroxide solid is high and
preparation is very caustic. Similarly to achieve desired degree of workability,
extra water is required which ultimately reduce the concentration of sodium
hydroxide solution. So, the concentration of sodium hydroxide was maintained
at 13 M while concentration of sodium silicate solution contains Na,O of
16.37 %, SiO, of 34.35 % and H,O of 49.72 % is used as alkaline solutions.
Similarly, sodium silicate-to-sodium hydroxide ratio by mass was maintained at
1 which set cubes within 24 h after casting and gives fairly good results of
compressive strength [17].
C. Water

From the chemical reaction, it was observe that the water comes out from the
mix during the polymerization process. The role of water in the geopolymer mix
is to make workable concrete in plastic state and do not contribute towards the
strength in hardened state. Similarly the demand of water increases with increase
in fineness of source material for same degree of workability. So, the minimum
quantity of water required to achieve desired workability is selected on the basis
of degree of workability, fineness of fly ash and grading of fine aggregate [13].
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D. Aggregates
Aggregates are inert mineral material used as filler in concrete which occupies
70-85 % volume. So, in the preparation of geopolymer concrete, fine and coarse
aggregates are mixed in such a way that it gives least voids in the concrete mass.
This was done by grading of fine aggregate and selecting suitable fine-to-total
aggregate ratio. Workability of geopolymer concrete is also affected by grading
of fine aggregate similar to cement concrete. So, on the basis of grading of fine
aggregate, fine-to-total aggregate ratio is selected in the proposed mix propor-
tioning method which is given in Fig. 2 [14].

E. Degree of Heating
For the development of geopolymer concrete, temperature and duration of
heating plays an important role in the activation process. In the present inves-
tigation, cubes were demoulded after 24 h of casting and then place in an oven
for heating at 60 °C for a period of 24 h. After specified degree of heating, oven
is switched off and cubes are allowed to cool down to room temperature in an
oven itself. Then compression test is carried out on geopolymer concrete cubes
after a test period of 7 days. Test period is the period considered in between
testing cubes for compressive strength and placing it in normal room temper-
ature after heating. Table 1 shows the effect of duration of heating and test
period on compressive strength of geopolymer concrete. It is observed that the
compressive strength of geopolymer concrete increases with increase in duration
and test period. From the design point of view, 24 h of oven curing at 60 °C and
tested after a period of 7 days was fixed as per past research [13].

F. Water-to-geopolymer binder ratio
The ratio of total water (i.e. water present in solution and extra water if required)
to material involve in polymerization process (i.e. fly ash and sodium silicate
and sodium hydroxide solutions) plays an important role in the activation

40

35 1 | >

30

Fine/Total Aggregate Contentin %

25! | |
15 2 25 3 3.5

Fineness Modulus of Fine Aggregate

Fig. 2 Relation between fineness modulus of fine aggregate and fine-to-total aggregate content [14]
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Table 1 Effect of heating temperature, duration and test period on compressive strength of
geopolymer concrete [13]

S.No. Temperature Duration Compressive strength in MPa
) of heating Tested after heating @
() 1 day 2 days 3 days 7 days 28 days
1 2 3 4 5 [§ 7 8
4 60 8 - - 11.56 17.76 38.78
5 12 5.67 9.11 15.67 22.56 40.22
6 24 13.11 19.67 26.78 36.00 4233

process. Rangan [10] suggested the water-to-geopolymer solid ratio in which
only solid content in solution and fly ash is considered. But the calculation is
tedious and water present in solution indicates the concentration of solution
itself. So, in the present investigation, water-to-geopolymer binder ratio is
considered. From the investigation, it is observed that the compressive
strength reduces with increase in water-to-geopolymer binder ratio similar to
water-to-cement ratio in cement concrete. At water-to-geopolymer binder ratio
of 0.25, the mix was very stiff and at 0.40, the mix was segregated. Similarly
water come out during polymerisation process and does not contribute anything
to the strength. So, water-to-geopolymer binder ratio is maintained at 0.35
which gives better results of workability and compressive strength [16].
G. Solution to fly ash ratio

As solution (i.e. sodium silicate + sodium hydroxide) to fly ash ratio increases,
strength is also increases. But the rate of gain of strength is not much significant
beyond solution to fly ash ratio of 0.35. Similarly the mix was more and more
viscous with higher ratios and unit cost is also increases. So, in the present mix
design method, solution-to-fly ash ratio was maintained at 0.35 [15].

2.3 Preparation of Geopolymer Concrete Mixes

Preparation of geopolymer concrete is similar to that of cement concrete. Two types
of coarse aggregates, sand and fly ash were mixed in dry state. Then add prepared
mixture solution of sodium hydroxide and sodium silicate along with extra water
based on water-to-geopolymer binder ratio and mix thoroughly for 3—4 min so as to
give homogeneous mix.

It was found that the fresh fly ash based geopolymer concrete was viscous,
cohesive and dark in color. After making the homogeneous mix, workability of
fresh geopolymer concrete was measured by flow table apparatus as per
IS 5512-1983 and IS 1727-1967. Concrete cubes of side 150 mm are casted in three
layers. Each layer is well compacted by tamping rod of diameter 16 mm. All cubes
were place on table vibrator and vibrated for 2 min for proper compaction of
concrete. After compaction of concrete, the top surface was leveled by using trowel.
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After 24 h of casting, all cubes were demoulded and then placed in an oven for
thermal curing (heating). To avoid the sudden variation in temperature, the concrete
cubes were allowed to cool down up to room temperature in an oven. Three cubes
were cast and tested for compressive strength for each curing period.

3

Method Proposed for Mix Proportioning

Based on the experimental investigation carried out in the present study the
following mix proportioning method is proposed.

3.1 Data Required for Mix Design

NN AW

. Characteristic compressive strength of Geopolymer Concrete (f.y)
. Fineness of fly ash in terms of specific surface in m*/kg

. Workability in terms of flow

. Oven curing (heating) 60 °C for 24 h and tested after 7 days

. Fineness modulus of fine aggregate

. Water absorption and water content in fine and coarse aggregate

Following design steps are used to select the suitable mix proportion of fly ash

based geopolymer concrete.

3.2 Design Steps

1.

Target Mean Strength (F) for Mix Design
Fax =fa +1.65x S8 (1)

The standard deviation, S for each grade of geopolymer concrete shall be cal-
culated, separately on the basis of minimum 30 test samples. With reference to
IS 456-2000, the value of S is assumed as per Table 1 in the first instant as
mentioned in clause 9. 2. 4. 2. [18].

Selection of Quantity of Fly ash (F)

Quantity of fly ash selected based on target mean strength and fineness of fly ash
at solution-to-fly ash ratio of 0.35 from Fig. 1.

Calculation of the Quantity of Alkaline Activators

Based on the quantity of fly ash (F) determined in the previous step, the amount
of total solution is obtained using solution-to-fly ash ratio of 0.35 by mass. After
that, quantity of sodium silicate and sodium hydroxide is decided using sodium
silicate-to-sodium hydroxide ratio of 1 by mass.
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4. Calculation of Total Solid Content in Alkaline Solution

Calculate solid content in sodium silicate and sodium hydroxide solution on the
basis of percentage solid present in each solution.

. Selection of Quantity of Water

Workability of geopolymer concrete is depending on total quantity of water
including water present in both alkaline solutions and the degree of workability.
Select the total quantity of water required to achieve desired workability based
on fineness of fly ash as per Table 2.

. Correction in Water Content

In concrete, volume occupied by fine and coarse aggregate is about 70-85 % of total
volume. Similarly, finer particles have large surface area as compared to coarser one
and hence required more water to produce workable mix. IS 10262 [19] suggested
some correction in water content for the mix proportioning of cement concrete on
the basis of grading of fine aggregate. In geopolymer concrete, the role of water is to
make workable concrete. So, it is recommended to apply same correction to geo-
polymer concrete in the proposed mix design on the basis of grading zones of fine
aggregate [15]. Table 3 shows the correction in water content per cubic meter of
concrete on the basis of grading zones of fine aggregate.

. Calculation of Additional Quantity of Water

In geopolymer concrete, alkaline solutions are used which contains certain
quantity of water on the basis of their concentration. But to meet workability
requirements, additional water may be added in the mix externally which is
calculated as:

Additional quantity of water, if required = [Total quantity of water]

— [Water present in alkaline solutions]

Table 2 Water content per cubic meter of concrete [14]

Degree of workability Flow in percentage Quantity of water required in kg/m3

Fineness of fly ash in m%kg

<300 300-400 400-500 >500
Low 0-25 80 85 100 110
Medium 25-50 90 95 110 120
High 50-100 100 110 120 135
Very high 100-150 120 130 140 160

Table 3 Correction in water

content per cubic meter of
concrete

Grading zone of fine aggregate

as per IS 383 [20]

Correction in water
content (%)

Zone-1 -1.5
Zone-11 -
Zone-111 +1.5
Zone-1V +3
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8.

10.

11.

Selection of Wet Density of Geopolymer Concrete

Select wet density of geopolymer concrete based on fineness of fly ash as per
Fig. 3.

Selection of Fine-to-Total Aggregate Content

Fine-to-total aggregate content is taken from Fig. 2 on the basis of grading
(fineness modulus) of fine aggregate [15].

Calculation of Fine and Coarse Aggregate Content

Fine and Coarse Aggregate Contents is obtained using following relations:

Total quantity of aggregate = [Wet Density of Geopolymer concrete]
— [Quantity of Geopolymer Binder + Additional water, if any]
Sand content = [Fine-to-total aggregate content in %)
x [Total quantity of aggregate]
Coarse aggregate content = [Total quantity of aggregate] — [Sand content]

Actual Quantity of Materials Required on the Basis of Field Condition
The above mix proportion has been arrived on the assumption that aggregates
are saturated and surface dry. For any deviation from this condition i.e. when
aggregates are moist or air dry or bone dry, correction has to be applied on
quantity of mixing water as well to the aggregates.

2650
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Fig. 3 Relation between fineness of fly ash and density of geopolymer concrete [15]
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4 Mix Design for M30 Grade of Geopolymer Concrete

Using Proposed Method

Based on the mix design steps discussed in preceding section, a sample mix
proportioning for M30 grade of geopolymer concrete is carried out using proposed
method. Following preliminary data is considered for the mix design:

Whn B W -

~

. Characteristic compressive strength of Geopolymer Concrete (fy) = 30 MPa.
. Type of curing: Oven curing at 60 °C for 24 h and tested after 7 days

. Workability in terms of flow: 25-50 % (Degree of workability—Medium)

. Fly ash: Fineness in terms of specific surface: 430 m%/kg

. Alkaline activators (Na,SiO3; and NaOH)

(a) Concentration of Sodium hydroxide in terms of molarity: 13 M
(b) Concentration of Sodium silicate solution: 50.32 % solid content

. Solution-to-fly ash ratio by mass: 0.35
. Sodium silicate-to-sodium hydroxide ratio by mass: 1.0
. Fine aggregate

(a) Type: Natural river sand confirming to grading zone-I as per IS 383 [20],
FM. =3.35

(b) Water absorption: 3.67 %

(c) Water content: Nil

. Coarse aggregate

(a) Type: Crushed/angular
(b) Maximum size: 20 mm
(c) Water absorption: 0.89 %
(d) Moisture content: Nil.

Design Steps

. Target mean strength

Fck = 38.25 MPa

Selection of quantity of fly ash

From Fig. 1, the quantity of fly ash required is 405 kg/m’ for the target mean
strength of 38.25 MPa at solution-to-fly ash ratio of 0.35 and for 430 m?/kg
fineness of fly ash

Calculation of the quantity of alkaline activators
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Calculate the quantity of alkaline activators considering:

Solution/Fly ash ratio by mass = 0.35
i.e. Mass of (Na,SiO; + NaOH)/Fly ash = 0.35
Mass of (Na,SiO3 + NaOH) /405 = 0.35

Mass of (Na,SiO; + NaOH) = 141.75 kg/m’

Take the sodium silicate-to-sodium hydroxide ratio by mass of 1
Mass of sodium hydroxide solution (NaOH) = 70.88 kg/m’
Mass of sodium silicate solution (Na,SiO3) = 70.88 kg/m3

4. Calculation of total solid content in alkaline solution

Solid content in sodium silicate solution = (50.32/100) x 70.88
= 35.67 kg/m’

Solid content in sodium hydroxide solution = (38.50/100) x 70.88
=27.29 kg/m’
Total Solid content in both alkaline solutions = 62.96 kg/m>

5. Selection of water content
For medium degree of workability and fineness of fly ash of 430 m*/kg, water
content per cubic meter of geopolymer concrete is selected from Table 2
Water content = 110 kg/m®

6. Adjustment in water content
For sand conforming to grading-I, correction in water content is taken from
Table 3

Adjustment in water content = —1.5%
Total quantity of water required = 110 — (1.5/100) x 110
= 108.35kg/m’

Water content in alkaline solutions = 141.75 — 62.96
= 78.79kg/m’

7. Calculation of additional quantity of water
= [Total quantity of water] — [Water present in alkaline solutions]
= 108.35 — 78.79 = 29.46 kg/m’
8. Selection of wet density of geopolymer concrete
From Fig. 3, wet density of geopolymer concrete is 2,528 kg/m” for the fineness
of fly ash of 430 m?/kg
9. Selection of fine-to-total aggregate content
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Table 4 Materials required for M30 grade geopolymer concrete

S.V. Patankar et al.

Ingredients Fly NaOH Na, Sand Coarse Total water | Extra
of geopolymer | ash SiO3 aggregate | (W/GPB) water
concrete
Quantity 405 | 70.88 70.88 | 683.13 1,268.66 108.35 29.46
(kg/m?)
Proportion 1 0.35 1.82 3.37 0.211 0.07

From Fig. 2, Fine-to-total aggregate content is 35% for fineness modulus of sand

of 3.35

10. Calculation of fine and coarse aggregate content

Total aggregate content

[Wet density of GPC] — [Quantity of fly ash

+ Quantity of both solutions + extra water, if any]
= 2,528 [405 + 141.75 + 29.46]
=1,951.79 kg/m’

Sand content = [Fine — to — total aggregate content in %]
x [Total quantity of all-in-aggregate]
= (35/100) x 1,951.79
= 683.13 kg/m’

Coarse aggregate content = [Total quantity of all-in-aggregate] — [Sand content]
=1,951.79—683.13
= 1,268.66 kg/m?

Quantity of materials required per cubic meter for M30 grade of geopolymer

concrete is shown in Table 4.

6 Results and Discussions

Geopolymer concrete mix is prepared using mix proportion calculated in preceding
section and shown in Table 4. It was found that the fresh fly ash-based geopolymer
concrete was viscous, cohesive and dark in colour and glassy appearance. After
making the homogeneous mix, workability of fresh geopolymer concrete was mea-
sured by flow table apparatus as per IS 5512-1983 and IS 1727-1967. Freshly mixed
geopolymer concrete is viscous in nature and water comes out during polymerization
process, methods like slump cone test is not suitable to measure workability as
concrete subside for long time while in compaction factor test, concrete cannot flow
freely. So, flow table test is recommended for workability measurement of
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Table 5 Results of M30 grade geopolymer concrete

Observation Data considered in mix Results

design obtained
Workability (flow) 25-50 % 44.15 %
Degree of workability Medium Medium
Temperature/duration 60 °C/24 h 60 °C/24 h
Mass density 2,528 kg/m® 2,601.48 kg/m?
Compressive strength @ 7 days after 38.25 MPa (target strength) 37.22 MPa
heating

geopolymer concrete. From Table 5, it is observed that the result of workability
in terms of flow is 44.15 % which is in between 25 and 50 % which was considered for
the design mix. That means the degree of workability is lies within considerable limit.

After measuring workability, concrete cubes of side 150 mm were cast in three
layers and each is properly compacted similar to cement concrete. Then after 24 h
of casting, all cubes were demoulded and weight was taken for the calculation of
mass density. Average weight of three cubes was considered for calculation of mass
density. It is observed that the average mass density obtained by proposed method
is 2,601.48 kg/m® which is 3.33 % higher than that considered in design method.

Then cubes were placed in an oven for thermal curing at 60 °C for 24 h. To
avoid sudden variation in temperature, the concrete cubes were allowed to cool
down up to room temperature in an oven itself. Three cubes were cast and tested for
compressive strength after 7 days of test period. Here, test period is the period
considered after removing the cubes from oven till the time of testing for com-
pressive strength. It is observed that the compressive strength of M30 grade geo-
polymer concrete is 37.22 MPa tested after 7 days of test period which is 2.69 %
less than the target strength (38.25 MPa) considered in proposed mix design method
which is within the limit of +/—15 % as per IS 456-2000.

In the previous design mixes provided by Rangan [10] and Anuradha [11], the
major parameters such as fineness and quantity of fly ash, quantity of water, grading
of aggregates and fine-to-total aggregate ratio were not considered. These param-
eters are also considered in the proposed method. The results of workability and
compressive strength as per the proposed method match well with the targeted
values. Present method also provides, comparatively, economical mix.

7 Mix Proportions for Various Grades of Geopolymer
Concrete

Table 6 shows the quantities of all ingredients of fly ash based geopolymer concrete
calculated using proposed method of mix proportioning. Also Table 7 shows the
comparison between the theoretical result expected for M20-M40 grade geopoly-
mer concrete and the experimental results of the workability and compressive
strength obtained in the laboratory.
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Table 6 Geopolymer concrete mixes for different grades

Grade Quantity of water (kg/m3) GPB Fine aggregate Coarse aggregate
(W/GPB)? (kg/m®) (kg/m®) (kg/m®)
M20 118.20 378 727.40 1350.88
0.313 1 1.92 3.57
M25 118.20 445.50 707.53 1313.97
0.265 1 1.59 2.95
M30 108.35 513 690.54 1282.43
0.211 1 1.35 2.5
M35 108.35 594 667.19 1239.07
0.182 1 1.12 2.08
M40 98.50 661.50 649.37 1205.97
0.149 1 0.98 1.82

W Quantity of water including extra water if any. GPB Geopolymer binder i.e. Fly
ash + (NaOH + Na,SiO3) solution

Table 7 Test results of present mix proportioning method for different grades of geopolymer
concrete

Grade of concrete M20 M25 M30 M35 M40
Workability in terms of flow, 77.86 61.61 44.15 29.17 21.20
(%)

Degree of workability High High Medium | Medium | Low
Wet density, kg/m’ 2558.52 258222 |2601.48 2610.37 2597.04
Compressive strength, MPa 28.67 33.33 37.22 43.56 44.78

8 Conclusions

This paper proposed the guidelines for the design of fly ash based geopolymer
concrete of ordinary and standard grade on the basis of quantity and fineness of
fly ash, quantity of water and grading of fine aggregate by maintaining water-
to-geopolymer binder ratio of 0.35, solution-to-fly ash ratio of 0.35, and sodium
silicate-to-sodium hydroxide ratio of 1 with concentration of sodium hydroxide as
13 M. Heat curing was done at 60 °C for duration of 24 h and tested after 7 days
after oven heating. Experimental results of M20, M25, M30, M35 and M40 grades
of geopolymer concrete mixes using proposed method of mix design shows
promising results of workability and compressive strength. So, these guidelines
help in design of fly ash based geopolymer concrete of Ordinary and Standard
Grades as mentioned in IS 456: 2000.
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Effect of Delay Time and Duration

of Steam Curing on Compressive Strength
and Microstructure of Geopolymer
Concrete

Visalakshi Talakokula, R. Singh and K. Vysakh

Abstract Ordinary Portland cement (OPC) is conventionally used as a primary
binder to produce concrete. The amount of carbon dioxide released during the
manufacture of OPC is a matter of great environmental concern in view of global
warming. Thus, alternative concrete technologies have become an area of
increasing interest in research community. On the other hand, fly ash (FA), abun-
dantly available by-product of coal fired thermal power plants poses great envi-
ronmental problems in terms of its safe disposal. Therefore, use of FA as a
replacement of cement in concrete production is one alternative, which is being
widely used in the construction field. Geopolymer is a type of amorphous alumino-
silicate cementitious material. This paper reports the results of an experimental
study on the effect of delay time and duration of steam curing on the compressive
strength and microstructure development of FA based geopolymer concrete spec-
imens prepared by thermal activation of FA with sodium hydroxide and sodium
silicate solution.

Keywords Compressive strength - Concrete « Geopolymer - Microstructure -
Steam curing

1 Introduction

Concrete with 100 % fly ash (FA) replacement can be obtained through
Geopolymerization, which can be synthesized by polycondensation reaction of
geopolymeric precursor and alkali polysilicates. Geopolymerization is an innovative
technology that can transform several alumino-silicate materials into useful products
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called inorganic polymers. Materials rich in silica such as fly-ash, slag, rice husk and
alumina such as clay are the primary requirements for geopolymerization.

Addition of FA to concrete has become a common practice in recent years. FA is
a fine residue from powdered coal combustion that acts as a pozzolanic material [1]
i.e. the particles react with water and lime to produce cementitious products [2, 3].
Reasons for FA replacements of cement in various proportions include economy
and enhancement of certain properties of fresh concrete (workability and pumpa-
bility) as well as hardened concrete [3]. Studies have been published concerning the
effect of FA on concrete porosity and resistivity, pore solution chemistry, oxygen
and chloride ion diffusivity [3-6], carbonation rates [7, 8] and passivation [9],
mechanical properties of concrete [10, 11]. In order to produce fly ashes with stable
properties and adequate quality, many power plants have implemented their own
sophisticated quality control measures. The property improvement of FA blended
cements has been extensively studied and it is found that their physical and
mechanical properties match those of OPC [6, 12-14].

2 Details of FA Utilized

Figure 1 shows the scanning electron microscopy (SEM) image of FA in which
the spherical shape of the FA particles can be clearly seen in the SEM image. The
major components of FA are silica, alumina, ferric oxide and calcium oxide. The
current standard, ASTM C-618 [15] defines two classes of FA based on bulk
chemical composition and, specifically, in terms of the sum Al,O3 + SiO, + Fe,0s.
As per the standard, this sum is between 50 and 70 % for Class C FA and 70 % or
greater for Class F FA. The higher percentage of more reactive calcium oxide in
Class-C FA makes it advantageous to use for higher strength gain. To know the
class of FA used in the present study, the sample was characterized by X-ray
diffraction (XRD), composition analysis. XRD is a non-destructive analytical
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Fig. 1 SEM images of FA
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Fig. 2 XRD spectrum of FA

technique which reveals information about the crystal structures, Fig. 2 shows the
XRD diffractograms of the investigated sample. The figure presents the comparative
diffractograms of a sample of FA. The symbols on figures indicate the positions and
peak intensities of the powder diffraction standard from international centre for
diffraction database. As seen from the figure, XRD analysis indicates predominance
of Quartz (SiO,), along with Mullite (AlgSi;O,3) and Magnetite (Fe,O,), which
confirms that the sample of FA analysed belongs to Class C FA.

3 Experimental Procedure

In this investigative study six cubes were made of M30 grade concrete mix with
100 % replacement of cement with FA. The alkaline liquid required for the mix
preparation is prepared by mixing sodium hydroxide (NaOH) and sodium silicate
(Na,Si0O3) at room temperature. The mixture of chemicals is left at room temper-
ature for 24 h before being used for the concrete mix preparation. Cubes of size
150 x 150 x 150 mm® were casted as per IS: 516-1959 [16] using the chemical
mixture. Table 1 shows the details of mix proportions adopted. After casting, steam
curing was done for two different cycles (i) 2 h delay and for 18 h at 100 °C and
(i1) 2 h delay and for 3 h 100 °C.

4 Steam Curing at Atmospheric Pressure

The temperature during curing is very important, and depending upon the source
materials and activating solution, often heat must be applied to facilitate poly-
merization, although some systems have been developed that are designed to be
cured at room temperature. In this study, two aspects of a steam-curing cycle is
adopted.
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Table 1 Details of mix

proportions Characteristic compressive strength M30
Maximum size of aggregate 20 mm
Specific gravity of FA 2.2
Specific gravity of fine aggregate 2.6
Specific gravity of coarse aggregate 2.6
Zone of sand Zone 1
Specific gravity of NaOH 1.46
Specific gravity of sodium hydroxide 1.6

5 Results

After steam curing, the specimens were tested as per IS: 516-1959. The compres-
sive strength results obtained are as shown in Fig. 3. It can be clearly seen from
figures that the compressive strength of the cubes is found to be lower for a curing
period of 3 h as compared to the curing period of 18 h. The maximum compressive
strength attained is only about 50 % of the design strength.

6 Microstructural Study

To understand the microstructural changes occurring during these curing periods,
SEM images were obtained before and after curing. Figures 4, 5 and 6 show clear
variation in the microstructure of the samples. For the samples before curing
(Fig. 4), a gel medium is formed due to the addition of the alkaline liquid with
dispersion of FA particles can be seen.

Figure 5 shows the image of a sample with 2 h delay followed by 18 h cycle of
steam curing at 100 °C, the fly ash particles are seen to be broken and the structure
of it is destroyed due to the prolonged steam curing cycle. It can also be observed
that the structure has a large number of disintegrated particles leading to the
reduction in compressive strength. Figure 6 showing the sample after 2 h delay

Fig. 3 Results of 16
compressive strength for two
different curing regimes

Compressive strength
(N/mm)?

Specimen
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Fig. 4 SEM image of 100 % fly ash concrete sample before curing at different magnifications
a 10 um, b 2 pm

Fig. 5 SEM image of 100 % fly ash concrete sample after 2 h delay and 18 h steam curing cycle at
100 °C a 10 pm, b 2 um
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Fig. 6 SEM image of 100 % fly ash concrete sample after 2 h delay and 3 h steam curing cycle at
100 °C at different magnifications a 10 pm, b 2 pm
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followed by 3 h steam curing at 100 °C. In this image the fly ash particles are seen
to be well bonded. The granular particles form a continuous mass, and this fact
combined with the better bonding between fly ash particles leads to a higher
compressive strength.

7 Conclusions

The experimental results concluded that FA based geopolymer specimens has
greater compressive strength for a steam curing cycle of 2 h delay followed by 3 h
curing at 100 °C as compared to steam curing cycle of 2 h delay followed by 18 h
curing at the same temperature. When the curing period is prolonged the FA
particles were found to be broken.
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Behaviour of Geopolymer Concrete Under
Static and Cyclic Loads

Sulaem Musaddiq Laskar, Ruhul Amin Mozumder and Biswajit Roy

Abstract The behaviour of plain and reinforced geopolymer concrete under static
compressive, static tensile, static flexural and cyclic flexural load was investigated
by means of laboratory tests. For the comparison of test results, similar type of tests
were performed on Portland cement concrete, polymer Portland cement concrete
and latex modified concrete. It was observed that geopolymer concrete exhibited
better properties than Portland cement concrete and latex modified concrete when
tested under static load and cyclic load. However, Polymer Portland cement con-
crete exhibited similar properties under static load but inferior properties under
cyclic load than geopolymer concrete. Performance of latex modified concrete was
inferior compared to the others under both static and dynamic loads.

Keywords Geopolymer concrete - Ground granulated blast furnace slag
Reinforced concrete « Cyclic flexural load

1 Introduction

Geopolymer is an emerging material that has strong potential for replacing Portland
cement in concrete. Geopolymer is a chain or network of mineral molecules formed
by geopolymerization. Geopolymerization is a reaction that chemically integrates
naturally occurring silicon and aluminum that are ready to dissolve in alkaline
solution. The alkali component which acts as an activator is a compound from the
element of first group in the periodic table, therefore the material formed as a result of
geopolymerization is also called as alkali activated alumino-silicate binder or alkali
activated cementitious material. Silicon and aluminum atoms react to form molecules
that are chemically and structurally comparable to the building natural rocks [1].
The geopolymer binder shows good bonding properties, better abrasion and
impact resistance and is less susceptible to chemical attack. Geopolymer binder
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uses by-product materials such as flyash, blast furnace slag, etc. and when activated
with alkaline solution, form an amorphous material i.e., alkaline alumino-silicate
with high structural strength [2]. The hardening and strength gain in geopolymer
occurs due to the formation of polymeric Si—~O-Al bonds [3]. The geopolymer
binder shows good bonding properties, better abrasion, erosion and impact resis-
tance and is less susceptible to chemical attack [4]. Thus, the use of geopolymer can
reduce CO, emission that is resulted during the manufacture of Portland cement.
This may help in minimizing the environmental impact caused due to CO, emission
by the construction industry.

Investigation on the properties of Geopolymer concrete was performed by
combination of flyash and granulated blast-furnace slag and it was found that such
concrete have similar strength development as that of PCC and better durability
properties [5]. Geopolymer concrete can also be used at elevated temperatures
without significant deterioration of the mechanical properties of the concrete [6].
Several works were performed to assess the behaviour of Portland cement concrete.
Mathematical models were also proposed for this purpose [7]. Such models and
formulations contributed to the evaluation of many properties in plain and rein-
forced concrete due to static and cyclic loadings [8—10].

Review of literature reveals that reports on mechanical, rheological, dynamic
properties, etc. of plain and reinforced PCC, LMC and PPCC are abundant.
However, the static and cyclic behaviour of reinforced GPC are yet to be reported.
Such results may contribute to the further use of reinforced GPC in the structures
subjected to seismic loads, dynamic loads, fatigue loads, wind loads, etc. Thus, an
attempt has been made in the present study to experimentally evaluate the behav-
iour of GPC plain and reinforced under static and dynamic loadings. Similar type of
tests were performed on plain and reinforced Portland cement concrete, polymer
Portland cement concrete and latex modified concrete for comparing the test results.

2 Experimental Program

Behaviour of geopolymer concrete (GPC) under both static and cyclic load was
assessed and compared with that of Portland cement concrete (PCC), polymer
Portland cement concrete (PPCC) and latex modified concrete (LMC). Tests such as
static compressive strength test, static tensile strength test, static flexural strength
test and cyclic flexural load tests were performed for assessing the behaviour.

2.1 Materials

Ordinary Portland (43 Grade) Cement (OPC) was used for preparation of PCC. Fine
aggregates (FA) of 4.75 mm maximum size having specific gravity 2.55 and coarse
aggregates (CA) of 20 mm maximum size having specific gravity 2.6 obtained from
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nearby sources were used. Commercially available epoxy resin (ER), natural rubber
latex (NRL) and ground granulated blast furnace slag (GGBS) based geopolymer
having initial and final setting time as 10 and 22 min respectively were used for the
preparation of the concretes. Reinforcing bars and mild steel bars having f, = 570
and 270 MPa respectively, were also used for reinforcing the beam specimens.

2.2 Mix Proportions and Concrete Preparation

Mix proportion of 1:1.47:2.9 having 28-day compressive strength of 24.295 MPa
was selected for preparing PCC specimens. PPCC and LMC specimens were
prepared by replacement of 10 % of OPC by weight with ER and NRL respectively.
GPC specimens were prepared by replacement of 100 % of OPC by weight with
GGBS and also by replacement of 100 % of water by weight with NaOH solution
of 12 Molar (M) strength. Water/cement ratio and alkali/binder ratio was kept same
for all the types of concrete to investigate the effect of different types of binders in
concrete when other parameters were unchanged. Table 1 presents the details of the
tests and test specimens. The PCC specimens were prepared in accordance with
Indian Standard Specifications [11]. The other concretes were prepared as per the
procedures mentioned in the literature.

2.3 Test Procedure and Setup

The static compressive strength test, static splitting tensile strength test and static
four point flexural strength test were performed in the 1,000 kN capacity automated
UTM as per Indian Standard Specifications [11, 12]. The cyclic flexural strength
test was performed in the 25 kN capacity automated servo controlled actuator by
applying displacement controlled loading. The specimens were subjected to cyclic
displacements with a frequency of 0.25 Hz. Specific amplitude was applied in a set
of three cycles consisting of downward and upward flexure before its next incre-
ment as in Fig. 1. The initial amplitude applied was =1 mm. This amplitude was

Table 1 Details of the tests and test specimens

Specimen type

Plain concrete Reinforced concrete
Compressive strength Splitting tensile Static four point flexural Cyclic flexural
test strength strength test strength test
Cubes of Cylinders of Prisms of Beam of
150 x 150 x 150 mm 150 mm diame- 150 x 150 x 700 mm 115 x 150 x 1,200 mm
ter and 300 mm
height
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kept very low to arrest the appearance of the first crack. The next amplitude was
increased by 1 mm. The test was stopped at a stage when the load came down to a
range of 75-85 % of the ultimate load carrying capacity of the specimen. The
mentioned protocol was maintained for all the specimens. The details of the test
setup for cyclic flexural strength test on the beams along with reinforcement are in

Fig. 2.
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Fig. 2 Details of the specimen reinforcement and cyclic flexural strength test setup
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3 Results and Discussions

3.1 Compressive Strength

Test results of the compressive strength are reported in Table 2. GPC exhibited
greater compressive strength then PCC and LMC. However, lesser compressive
strength was exhibited when compared to PPCC. The cracks in GPC, PCC-1 and
PPCC developed due to the failure of the binder matrix and debonding at ITZ.

3.2 Flexural Strength

Figure 3 shows load-deflection behaviour for each type of concrete specimens. GPC
showed an increase in strength compared to PCC and LMC. However, the strength
of GPC decreased and compared to PPCC. This strength pattern is similar to that of

Table 2 Compressive

strength test results Concrete Compressive strength test
type Ultimate stress Strain at ultimate
(N/mm?) stress
pPCC 24.295 0.0250
PPCC 26.020 0.0328
LMC 18.716 0.0223
GPC 25.650 0.0309
25 ——PCC
—e—PPCC
——LMC
20 -+ GPC
é 15
el
<
Q
— 104
5
0 : : : s
0 0.5 1 1.5 2

Displacement (mm)

Fig. 3 Load-displacement plot from four point flexural strength test on unreinforced concrete
specimens
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the results from the compressive strength test. The initial stiffness of all the
specimens were almost the same, with PCC showing small amount of decrease in
initial stiffness compared to the others.

3.3 Splitting Tensile Strength

From the results of splitting tensile strength test as in Table 3, it was found that
GPC exhibited higher tensile strength than PCC and LMC. Moreover, the strength
was comparable to that of PPCC. From the observation of the failed specimen, it
was concluded that the failure in GPC, PCC and PPCC happened primarily due to
debonding at ITZ.

3.4 Response Due to Cyclic Flexural Load

Figures 4, 5, 6 and 7 present the load-deflection behaviour of each type of concrete
beam due to cyclic flexural load. From the failure envelop in Fig. 8, it was observed
that the maximum load attained by GPC due to downward flexure was 24.15 kN
and due to upward flexure was 21.28 kN at 5 mm displacement. Compared to PCC,
GPC showed increase in maximum load by 30.68 % in downward flexure and by
26.29 % in upward flexure. Moreover, GPC also showed increase in maximum load
by 2.59 % in downward flexure compared to PPCC. Increase in maximum load in
upward and downward flexure in GPC was also observed when compared with
LMC.

3.5 Stiffness Degradation

To obtain the stiffness (K) of the specimen, the secant stiffness corresponding to a
specified displacement is considered as given

K= (Fp' ~ Fp )/(Dp" — Dp") (1)
’SI;?;l;tﬁ " ;It)l;tetgzigtstensﬂe Concrete type Splitting tensile strength (N/mm?)
PCC 2.05
PPCC 227
LMC 1.56
GPC 221
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Fig. 4 Hysteretic response of PCC beam
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Fig. 5 Hysteretic response of PPCC beam

where Dp* and D~ are the displacement for a particular amplitude due to
downward and upward flexure respectively and Fp* and Fp~ are their corre-
sponding loads. Stiffness degradations of the concrete specimens are presented in
Fig. 9. The stiffnesses of GPC and PPCC were more than PCC corresponding to
any displacement. Though the initial stiffness of PPCC was higher than that of
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Fig. 6 Hysteretic response of LMC beam
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Fig. 7 Hysteretic response of GPC beam

GPC, the degradation occurred very rapidly leading to lowering of stiffness at
+3 mm displacement compared to GPC. The stiffness of GPC corresponding to
the first applied amplitude of £1 mm was 8.14 kN/mm, while that of PCC was
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Fig. 8 Failure envelop of the specimens

Fig. 9 Stiffness versus
amplitude plot for the
specimens
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6.7 kN/mm. Thus, the gain in initial stiffness in GPC compared to PCC was found
to be 21.49 %. At the second amplitude of £2 mm, the stiffness of GPC and PCC
got reduced by 8.48 and 11.19 % respectively. PCC showed fastest degradation
while GPC showed slowest stiffness degradation among all. LMC showed lowest
stiffnesses at any amplitude.

3.6 Energy Dissipation Capacity

It is known that the ability of a structural member to sustain the effects of earth-
quake depends largely on its capacity to dissipate the energy. This energy dissipated
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Fig. 10 Cumulative energy 900 -
dissipation versus amplitude
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is determined by measuring the area of the hysteresis loop. The cumulative energy
dissipated at each amplitude by the specimens is presented in Fig. 10. It is calcu-
lated by summing up the energy dissipated by each specimen in all the preceeding
amplitudes including that particular amplitude.

When compared to PCC, gain in cumulative energy dissipation at failure stage in
GPC was found to be 1.45 times. The gain in the capacity in GPC was also exhibited
when compared with PPCC and LMC at any displacement. The increase in stiffness
and straining capacity attracted more load at any displacement for GPC specimen in
comparison to the other specimens. Thus, the total area enclosed by the plot of load
versus displacement was more for GPC specimen. This was the reason for gain in
cumulative energy dissipation in GPC and hence the structure built with GPC can
have better capability to resist cyclic load due to earthquake, wind storm, etc.

4 Conclusions

The following general conclusions may be derived from the present study:

1. GPC showed higher strength than PCC and LMC but lower strength than PPCC
under static loading condition.

2. The strain corresponding to ultimate compressive strength of GPC was also
found to be higher than PCC and LMC but lower than that of PPCC.

3. However, under cyclic load GPC showed higher strength than PCC, PPCC and
LMC.

4. The stiffness degradation and energy dissipation capacity of GPC was found to
be better than PCC, PPCC and LMC.
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Biofibre Reinforced Concrete

T. Manasa, T. Parvej, T. SambaSiva Rao, M. Hemambar Babu
and Sunil Raiyani

Abstract This paper presents the outcomes of the experimental program conducted
to study the mechanical properties of concrete homogeneously reinforced with
biofibres like Sida cordifolia plant fibre (SICOF), Pineapple leaf fibre (PALF),
Banana fibre (MUSAF) and Bagasse (BAGAF). The optimum content of fibre to be
used is determined by conducting an experimental study on MUSAF and it is found
to be 0.25 % by weight of concrete. The performance of this biofibre reinforced
concrete (BFRC) is evaluated by conducting strength tests like compressive, split
tensile and flexural strength tests in accordance to Indian standards. The results
when biofibres are used in concrete individually shows that MUSAF and SICOF are
good in improving compressive strength and split tensile strength, respectively.
Scanning Electron Microscopy (SEM) images indicate that there is good bonding
between these biofibres and concrete matrix. In this study, also an attempt has been
made to check the performance of biofibres when used in combination. The
combinations tried are SICOF-PALF (SP), SICOF-MUSAF (SM), SICOF-BAGAF
(SB) and PALF-MUSAF (PM). Out of these, the combination SM gave excellent
results both in improving compressive and split-tensile strengths of concrete.

Keywords Biofibres - Sida cordifolia - Pineapple leaf fibre - Optimum fibre
content - BFRC

1 Introduction

Concrete is the most widely used construction material for permanent structures
throughout the world since the last few decades and it is the second largest con-
sumable material after water. However, this extremely versatile material suffers
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from certain intrinsic deficiencies like low tensile specific modulus, limited ductility
and little resistance to cracking. To compensate, steel is added to concrete which
distributes the tensile strain forces that causes concrete to crack and ultimately fail.
Although this method has been used successfully for many years, there are few
associated drawbacks. Steel is expensive to purchase, transport and store. The
placement of steel consumes time and labour costs and often requiring placement in
difficult and dangerous locations. Most serious of all, steel is highly corrosive in
nature leading to failure of structure which is expensive to repair and even requiring
demolition of the structure. Hence, researchers are aiming at sustainable and eco-
friendly structures and to develop a material which could replace steel.

Since 1960, efforts have been made by scientists and engineers to develop
concrete composites, devoid of the basic drawbacks of concrete, culminating in the
development of fibre reinforced concrete (FRC). This FRC is a new material in
which fibres are randomly oriented and homogeneously distributed. These fibres
can be natural or manmade. The proven properties of Natural/Biofibres like
renewability, lightweight, non-corrosive nature, high toughness etc. makes them
stand in lieu of synthetic fibres. Inclusion of biofibres as reinforcement in concrete
have proved to improve resistance to fatigue, impact, thermal shock and spalling
and also supports the concept of sustainability and green building. Although several
researchers have done investigation on biofibres, very limited or no work has been
done on biofibres like SICOF (Sida cordifolia fibre), PALF (Pineapple leaf fibre),
MUSAF (Banana fibre) and BAGAF (Bagasse). In this study, SICOF is the fibre
which is used entirely new exclusively in this work and SICOF and PALF are used
as reinforcement in concrete for first time thus finding their new application. This
paper presents a summary of findings of the study conducted to investigate the
properties of this biofibre reinforced concrete (BFRC). In this study, the biofibres
SICOF, PALF, MUSAF and BAGAF are used as reinforcement both individually
and also in combinations like SICOF-PALF, SICOFE-MUSAF, SICOF-BAGAF and
PALF-MUSAF. The present study aims to develop a new class of concrete by
analyzing the mechanical properties of BFRC experimentally including compres-
sive, split-tensile and flexural strength. This study is useful for further research on
BFRC which helps in developing a sustainable and ecofriendly structures.

2 Background
2.1 History of FRC

The concept of using fibres as reinforcement dates back to biblical times when
straws were used in mud brick manufacture [1]. The first modern alternative was the
use of asbestos in concrete in the early 19th century, to protect it from crack
formation. The need to replace asbestos fibres due to associated health risks in the
early 1950s gave rise to the development of composite materials and by 1970s steel
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fibre reinforcement had been accepted as a viable alternative to traditional rein-
forcement. Steel fibre however suffered the same problems as traditional steel. In
addition, steel fibre reinforced concrete required high dosage rates and handling
steel fibres often resulted in puncture wounds [2, 3]. Hence, research still continues
on the use of different types of fibres in concrete.

2.2 Literature Review

The use of biofibres in cementitious materials is widely reported in the literature. In
1990, Wafa [4] in his paper showed that upon addition of fibres to the concrete
matrix alters the mechanical properties like compressive strength, modulus of
elasticity, flexure, toughness, fatigue strength and impact resistance [4]. In 1999,
Toledo Filho et al. [5], studied the performance of sisal fibre as reinforcement in
cement based composites which increased tensile stress at splitting failure. In 2005,
Ramakrishna and Sundararajan [6, 7] made an investigation on the resistance to
impact loading of cement mortar slabs reinforced with four natural fibres, coir, sisal,
jute and kenaf out of which coir reinforced slabs gave best results. Li et al. [8],
studied the mechanical and physical properties of hemp fibre reinforced concrete
(HFRC) with variables of experiment as (1) mixing method; (2) fibre content by
weight; (3) aggregate size; and (4) fibre length. In 2006, Teo et al. [9] presented a
paper investigating the flexural behavior of reinforced concrete beams produced
from oil palm shell (OPS) aggregates. In 2011, Elsaid et al. [10] conducted out an
experimental research program to study the mechanical properties of a natural fiber
reinforced concrete (FRC) which is made using the bast fibers of the kenaf plant. In
2012, Majid [11] presented a paper on the properties of different natural fibres
which were investigated by different researchers as a construction material to be
used in composites (such as cement paste, mortar and/or concrete). All the above
works supports the use of biofibres in cement matrix. The present study is intended
to find the potential biofibres which can be used as construction material.

2.3 SICOF Plants and Fibres

Sida cordifolia is a perennial subshurb of the Malvaceae family, which grows up to
1.5 m tall with hairy, long and slender yellow-green stems and dark yellow flowers
(Fig. 1a). It is widely distributed along with other species throughout tropical and
sub tropical plains all over India and Srilanka, growing wild along the road side.
This plant has various medicinal uses as it is used in the treatment of respiratory
related troubles [12]. This study discovers the latent use of this plant by extracting
fibre from the stem and as reinforcing material with concrete, thus finding the new
use of this fibre.
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Fig. 1 a Sida cordifolia plant (inset showing its flower). b Retting of sida stems. ¢ SICOF

Fibre from this plant (SICOF) can be obtained by a process called retting. The
stems of SIDA are placed for retting in concrete tank as shown in Fig. 1b. Retting is
a process of obtaining natural fiber in which the stalks are submerged in water
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where there will be action of micro-organisms to dissolve or rot away much of the
cellular tissues and pectins surrounding bast-fibre bundles, and so facilitating
separation of fibre from the stem [13]. The fibre is obtained by manual separation of
outer bark from the stem and it is washed for several times to get clean fibre. The
obtained fibre is pale yellow in color (shown in Fig. 1c). It is dried in air and then
cut into pieces of length of 35 mm.

2.4 PALF Plants and Fibres

Pineapple (Ananas comosus, L. family Bromeliaceae) is a perennial tropical plant
with edible fruits. This is an herb which grows to 1.0-1.5 m tall and has a short,
stocky stem with tough, waxy leaves. The fruit of pineapple is known to have good
nutritional value and health benefits [14]. After the first fruit is produced, the entire
crop is removed leaving behind a lot of biological waste. The leaf of pineapple
(shown in Fig. 2a) has fibre and its major use is to make textiles (Barong Tagalog).
This study recognizes the new use of PALF by reinforcing it in concrete.

The pineapple leaves are decorticated manually by beating, rasping and stripping
using wooden hammers. The scraped leaves are immersed in retting tank containing
1:20 substrate (urea): liquor (water) ratio. 0.5 % urea or di-ammonium phosphate
(DAP) was added for quick retting [15]. Pineapple leaves placed for retting in
concrete tank is shown in Fig. 2b. The leaves from retting tank are regularly
checked by pressing them with finger tips to see whether the fibres are loosened and
can be extracted. At the end of retting the leaves were taken out and fibres were
mechanically extracted by washing in water. The extracted fibres are pale green to
cream white in color (shown in Fig. 2c) and then dried in air and cut to a length of
35 mm.

2.5 MUSAF Plants and Fibres

Banana plant (Musa sapientum, L. family Musaceae) is a perennial herb with trunk-
like pseudo stems growing mostly in humid tropical regions. Figure 3a shows the
Banana plants used for this study. These are vigorously growing, monocotyle-
donous herbaceous plants which attain height up to 7 m and leaves up to 2.7 m
length [16]. The mother plant is cut off after the harvest and usually, entire stem is
thrown out as waste. The fibre obtained from stems after harvest is finding its
commercial use now a days, as it is used to produce doormats, carpets, yarn, rope,
interior decorative items etc. In this study, this fibre is used as reinforcement in
concrete.

To obtain fibre, the stems stroked against floor repeatedly until the stems become
loose and are separated into thinner ones. They are then placed in retting tank with
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Fig. 2 a Pineapple leaves (inset showing Pineapple fields). b Retting of Pineapple leaves. ¢ PALF

urea (1:20 substrate:liquor ratio) as shown in Fig. 3b for 10 days. After retting, the
fibres are washed thoroughly in water and dried in air. The fibre which is cream
white in color (shown in Fig. 3c) is cut into pieces of length 35 mm.
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Fig. 3 a Banana plants. b Retting of Banana stems. ¢ MUSAF
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Fig. 4 a Sugar Cane fields. b Bagasse

2.6 BAGAF Plants and Fibres

Sugarcane (Saccharum officinarum, L. family Poaceae) shown in Fig. 4a is a
member of grass family, which is widely cultivated all over the globe mainly in
tropics, providing around 70 % of world’s sugar. It is a tall grass which looks rather
like a bamboo cane, grows to 3—6 m high with stems 20-45 mm in diameter and
leaves 70-150 cm long, 6 cm wide [17].

Crushed Sugarcane stalks (Bagasse) are taken and dried in sunlight for 3-5 days
as shown in Fig. 4b. During nights, the stalks are kept in room or covered with
tarpaulin covers to keep away from moisture/dew. After drying, the inner soft
portion of the stalk is scrapped with knife and they are cut into length of 35 mm.

3 Experimental Program

An experimental program has been conducted to evaluate the mechanical properties
of concrete reinforced with biofibres. Four types of biofibres (SICOF, PALF,
MUSAF and BAGAF) are used in concrete both as individual and in combination.
The combinations are SICOF-PALF (SP), SICOF-MUSAF (SM), SICOF-BAGAF
(SB) and PALF-MUSAF (SM). Compressive, split-tensile and flexural strength
tests are conducted on concrete with biofibre and the results are compared with that
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of plain concrete. In each case, three specimens are casted and tested to get com-
pressive, split-tensile and flexural strength values. Casting, curing and testing
procedures are done as per IS standards.

3.1 Materials

The cement used for concrete is 53 grade ordinary Portland cement confirming to
IS: 12269-1987 [18]. The physical properties are shown in Table 1. River sand
confirming to zone II as per IS: 383-1970 [19] is used and crushed granite coarse
aggregate of sizes 12 and 20 mm are used. Ordinary portable water confirming to
IS: 456-2000 [20] is used to prepare concrete specimens. The physical properties of
fine aggregate are given in Table 2 and that of coarse aggregates are given in
Table 3. The grade of concrete used is M30 and the mix proportions are
1:1.5:2.72:0.45 (cement:fine aggregate:coarse aggregate:w/c ratio).

Table 1 Physical properties of 53 grade ordinary Portland cement

Physical property Value of OPC Requirement as per IS
used 12269-1987

Standard consistency 315 % -

Initial setting time 110 Maximum of 30 min

Final setting time 210 Maximum of 600 min

Specific gravity 3.14 -

Compressive strength in N/mm? at 33.7 Not less than

7 days (MPa)

Table 2 Physical properties - ;

of fine aggregate Physical properties Values
Specific gravity 2.64
Fines modulus 2.57
Water absorption (%) 3.35

:;l E(l);ie I;Qgrs;(;ltepropemes Physical properties Values

12 mm 20 mm

Specific gravity 2.71 2.73
Water absorption (%) 1.13 0.3
Bulk density (kg/m>) 1,575 1,587
Impact value (%) 19.12 11.37
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3.2 Specimens

Cubes of size 150 mm % 150 mm, cylinders of size 150 mm x 300 mm and beams
of size 100 mm x 100 mm % 500 mm are used for compressive, split-tensile and
flexure strength tests. The sizes are selected according to IS 516-1999 [21].

3.3 Items of Investigation

The optimum fibre content is determined by conducting compressive and split-tensile
strength tests on concrete with biofibres. Also, the BFRC specimens and control
specimens are tested for compressive, split-tensile and flexure strength test at the age
of 7 and 28 days. The tests are done as per Indian standard codes (IS: 516-1999 and
IS: 5816-1999) [21, 22].

3.4 Mixing Procedure

The mixing procedure followed for casting is explained below. The procedure is
same for all types of biofibres (both individual and combination).

(i) The calculated quantity of water is measured and then poured in the pan mixer.
(ii)) The required amount of cement and sand is weighed added into mixer with
water.
(iii) Similarly, coarse aggregate is added into mixer and mixed for 2-3 min until a
homogeneous mix is obtained.

Fig. 5 Mixing of biofibres while casting
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(iv) The calculated quantity of fibre is carefully added to the mixture and mixed
until the fibres are uniformly distributed. The addition of fibres is shown in
Fig. 5.

(v) The concrete thus made is casted into cube, cylinders and beam specimens.

4 Results and Discussion

4.1 Optimum Fibre Content Determination

The amount of fibre to be added into concrete is an important factor to be deter-
mined as it directly affects the compressive and tensile strength of concrete. The
designed grade of concrete is M30 and the age of testing is 3 days. The concrete
cube of size 150 mm x 150 mm and cylinder specimens of size 150 mm x 300 mm
are tested with fibre contents of 0.2, 0.25, 0.3 and 0.35 % with MUSAF as rein-
forcement material. The compressive and split-tensile strength results are shown in
Fig. 6a, b respectively.

From the results of compressive strength test, the stress values increased upon
adding fibre up to 0.25 % and then showed a decreasing pattern. Similar behavior
can be observed with split-tensile strength test, but the peak value is at 0.3 %. It can
be noted that the split-tensile stress at 0.25 % is 2.51 MPa which is very close to the
stress at 0.3 % fibre content i.e., 2.59 MPa. Hence, fibre content of 0.25 % is taken
as optimum, for this study.

4.2 Strength Tests

Mechanical strength properties on concrete with single type of fibres are evaluated
by conducting compressive, split-tensile and flexure strength test. The results are
presented below. The identity of specimens, represent R, S, P, M and B for Ref-
erence, SICOF, PALF, MUSAF and BAGAF respectively.

(a) Compressive strength (b) . .

30 Split tensile strength
=z T 28
S 2 P
= = 26
@ P24
g £ 22
n 22 @,

S g g gl e
0% 0.20%0.25% 0.30% 0.35% PN NN

Fig. 6 a Compressive strength. b Split tensile strength
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4.2.1 Compressive Strength Test

The 7 and 28 days compressive strength results are presented in Table 4. The
specimens with biofibres are compared with that of plain control specimens. The
control specimens showed very little cracking prior to failure. Brittle failure is
observed with the sudden spalling of concrete. Whereas, BFRC specimens showed
ductile type of failure with more distributed cracking.

The observation of table shows that the stress at 1st crack of BFRC (excluding
BAGAF) increased in comparison with reference specimens. Among these biofibres,
BAGAF showed very inferior compressive strength values. The 7 days results in
comparison with 28 days results are shown in Fig. 7.

From the figure, it can be observed that, all types of specimens showed an
increase in compressive strength at 28 days compared with 7 days. Eventhough
PALF showed inferior compressive strength at 7 days testing compared with ref-
erence, its value increased significantly in comparison with reference at 28 days.
Among all fibres, MUSAF is found to give good compressive strength values. The
failure specimens of BFRC are taken and observed under SEM to study its bonding
property. The images as shown in Fig. 8 indicates that there is good bonding
between fibre and cement matrix.

Figure 9 shows the compressive strength results of BFRC with biofibres used in
combinations. The results reveal that the combination SM showed good results at 7
and 28 days testing as well. While the combination SB showed peculiar behavior at

Table 4 Compressive strength test results of individual fibres at the age of 7 days

Type of fibre used Stress at 1st crack (MPa) 7 days compressive strength (MPa)
R 16.69481481 31.06

S 26.88667 35.52

P 18.93556 28.97

M 26.06815 34.02

B - 6.14

Fig. 7 Compressive strength Compressive Strength test

a
o

test results of BFRC with
single type of biofibres

T 40
o
£ 30
?
o 20
=
? 10
. |
R S P M B
Type of fibre

H7 DAY 28 DAY
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Fig. 8 a PALF. b SICOF

Fig. 9 Compressive strength Compressive strength test
results of BFRC with biofibre 50
used in combinations
40
g
= 30
?
@ 20-
=
D o
0 .

R SM SP SB PM
Type of combination of fibre
M 7th day M 28th day

28 days testing. A further more investigation is needed to study the nature of SB,
perhaps material characterization.

Figure 10 shows the comparison of BAGAF and SICOF with combination SB.
In this case, the combination SB shows sudden increase in strength at 28 days
compared with 7 days. This pattern is observed in BAGAF. SB also gives highest
compressive strength showing the dominant behavior of SICOF. From this, we can
observe that both the characteristics of biofibres is seen in their combination.

The observation of cube specimens after testing of compressive strength
revealed that the specimens of BFRC are intact. The control specimens showed
brittle kind of failure and the pieces just stripped off. Figure 11 the specimens of
BFRC and plain control specimens. The failure angle of both the BFRC specimens
and control specimens are observed. It is 70° for control and 38° for BFRC
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Compressive Strength

results

o 60
o
£ 40
2
© 20
7]

0 -1

S B SB
Type of fibre

B 7 day W 28 day

Fig. 10 Compressive strength results showing the comparison of SICOF and BAGAF with
combination SB

;'.
.3
=
%

Fig. 11 a BFRC specimen. b Control specimen

specimens. This clearly shows that the failure of control specimens is due to both
axial and shear forces. Whereas, BFRC specimens failed under axial force only
showing that the biofibres are successful at absorbing shear forces. The failure of
specimens under compressive load showed that the BFRC specimens showed
bulging type of failure.

4.2.2 Split-Tensile Strength Test

The 7 and 28 days split-tensile strength test is conducted to evaluate the BFRC
specimens and compared to the behavior of plain concrete specimens. The plain
specimens showed sudden failure with a single crack along the vertical diameter of
the specimen. Unlike this, the BFRC specimens showed ductile type of failure.
The 7 and 28 days test results of BFRC specimens with single type of biofibre is
given in Fig. 12. The results indicate that SICOF showed an increase in split tensile
strength compared with reference and rest of the biofibres. Also in this case,
BAGAF showed inferior characteristics at both 7 and 28 days. Figure 13 shows the
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Fig. 12 Split tensile strength Split tensile strength test
test results of fibres with 4
single type of biofibre _

8 s

S

n 2

]

g

@ 1 I

0 |
R S P M B
Type of fibre
M 7th day 28th day

Fig. 13 Split tensile strength Split tensile strength test
results of BFRC specimens 4
with combination of fibres =

a 3

£

n 2

173

g

0

R SM SP SB PM
Type of combination of fibre

M 7th day 28th day

split-tensile strength results of BFRC specimens with biofibres in combination. The
results indicate that the combination SM gave good results both at 7 and 28 days.
The BFRC specimens showed more ductile mode of failure. An inspection of
failure specimens show the bridging of cracks by biofibres (Fig. 14). The speci-
mens could take extra load even after failure due to the presence of biofibres.

4.2.3 Flexural Strength Test

Four-point bending tests are conducted on BFRC specimens to evaluate the flexural
strength and compare with that of control specimens. Figure 15 shows the 7 and
28 days results of BFRC specimens with single type of fibre. The results show that
there is no significant increase in flexure strength of BFRC specimens when
compared with that of control specimens. An increase of flexure strength could be
observed with increasing in biofibre content and its length.

The 7 and 28 days flexural strength results of BFRC specimens with combi-
nation of fibres are in Fig. 16. The results indicate that the combinations SP and PM
showed an increase in the value of modulus of rupture compared with control
specimens. This may be due to the enhanced performance of PALF with SICOF and
MUSAF.
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Fig. 14 Cylinder specimen
of BFRC showing bridging of
cracks by fibre

Fig. 15 Flexure strength test
results of BFRC specimens
with single type of fibre

Flexural strength test

20

Modulus of Rupture
(MPa)
o (6] 5
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Type of fibre
M 7 day W 28 day

Fig. 16 Flexure strength test Flexural Strength test
results of BFRC specimens 15
with combination of fibres ;_t?
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5 Conclusions

This paper presents the findings of an experimental program conducted to evaluate
the mechanical properties of biofibre reinforced concrete (BFRC). The optimum
biofibre content to be added into the concrete is found to be 0.25 %. Upon addition
of biofibres to plain concrete, the compressive and split-tensile stress increased
drastically (excluding BAGAF). A significant increase in flexural strength is not
observed. This could be improved upon increasing the biofibre content and its
length. Optimizing fibre content should also include the consideration of length of
fibre and flexure strength results should also be included to come to final decision.

Among all fibres, SICOF and MUSAF gave good results; the former in
increasing split-tensile strength and the later in improving compressive strength
values. In this study, these two are identified as potential biofibres. Biofibres when
used in combination also gave good results in compressive and split-tensile strength
tests. The combination SM showed excellent increase in compressive and split
tensile stresses. The behavior of the combination SB is peculiar and needs a further
study.

The BFRC specimens showed very ductile kind of failure unlike control spec-
imens. The specimens also remained intact even after failure indicating bridging of
cracks by biofibres. The compressive strength tests showed the BFRC specimens
showed bulging kind of failure. The angle of failure for BFRC specimens was found
out to be 70° which is the indication of the restriction of shear failure.

This study helps to form a foundation for further research on BFRC specially
when biofibres are used in combination.
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Experimental Investigation and Numerical
Validation on the Effect of NaOH
Concentration on GGBS Based
Self-compacting Geopolymer Concrete

J.S. Kalyana Rama, N. Reshmi, M.V.N. Sivakumar and A. Vasan

Abstract The construction sector is booming all over the world with an increase in
the demand for the production of cement. Cement produced by India by the end of
the financial year 2012-2013 was about 8 % of the global production. Cement
production accounts for 7 % of total CO, emission into the atmosphere. It’s high
time for a sustainable replacement for cement in order to prevent greenhouse effect
and global warming and other environmental impacts. In the present study, labo-
ratory tests were conducted to investigate the effect of sodium hydroxide concen-
tration on the fresh properties and compressive and flexural strength of self-
compacting geopolymer concrete (SCGC) incorporating ground granulated blast
slag (GGBS). The experiments were conducted for five different molarities of
NaOH varying between 3 and 11 M with an increment of 2 M. In order to
investigate the fresh concrete properties of SCGC, slump flow, V-Funnel, and Tsq
tests were carried out. The workability of GGBS based self-compacting geopolymer
concrete showed an evident decrease with the increase in sodium hydroxide con-
centration. Standard cubes and beams were casted and cured in the open atmo-
sphere. Its 28 days compressive strength and flexural strength were found to be
decreasing with the increase in sodium hydroxide concentration. Using ABAQUS
numerical modeling for compressive strength and flexural strength was determined
and the results obtained were found to be similar to that of the experimental results.
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1 Introduction

Cement is one of the most important portions of concrete. However, its production
is causing serious damage to the atmosphere due to the emission of huge amount of
carbon di-oxide (CO,) into the atmosphere. This emission of CO, into the atmo-
sphere will increase the greenhouse effect which in turn causes global warming. In
order to eliminate this environmental hazardous effect supplementary cementitious
materials (SCM) are being experimented. These SCMs are usually materials of
geological origin or by-products. Ground granulated blast furnace slag (GGBS) is a
by-product obtained from the blast furnace used to make iron. In this work,
experimental and numerical investigation of self-compacting geopolymer concrete
with varying molarity of sodium hydroxide is carried out and presented.

It was in 1986 that self-compacting concrete was first introduced in Japan as the
necessity for durable concrete increased. Okamura and Ouchi [1] carried out the
pioneering work in the development of SCC. The geopolymer concrete is found to
be an excellent way to reduce the usage of cement. It uses supplementary
cementitious material which is either of geological origin or by-products from
power plants and steel plants. Komnitsas in his paper [2] studied the sustainability
of geopolymer concrete. It briefly outlines the potential of using geopolymer
technology towards green buildings and future sustainable cities with a reduced
carbon footprint. The basic concept of geopolymer concrete is the alkali activation
of aluminum and silica rich source material [3]. The end product of the reaction is
an amorphous alumino-silicate gel which has a structure similar to that of zeolitic
precursors. The mineral admixture considered in their work is fly ash. Chindaprasirt
et al. [4] investigated the basic properties such as workability and strength of coarse
lignite high calcium fly ash geopolymer mortar. Sodium hydroxide (NaOH),
sodium silicate and heat were used to activate the geopolymer. Sengul and
Tasdemir [5] incorporated finely ground fly ash and finely ground granulated blast
furnace slag in concrete and investigated its effects on compressive strength and
chloride permeability. Hardjito et al. [6] studied the factors influencing the com-
pressive strength of fly ash based geopolymer concrete. Temuujin et al. [7] studied
the physical and mechanical properties of geopolymer mortars with varying levels
of sand aggregate. Khater [8] investigated the effect of calcium hydroxide on the
mechanical and microstructural characteristics of geopolymer produced from
alkaline activation of alumino-silicate wastes produced from demolition works on
geopolymerization of alumina silicate. Li et al. [9] investigated the mechanical
properties and microstructure of class C fly ash based geopolymer paste and mortar
at mass ratios of water to fly ash between 0.30 and 0.35; the fluidity of pastes and
mortars were in the range of 145-173 and 131-136 mm, respectively. Tho-in et al.
[10] evaluated the properties of pervious concrete made of high calcium fly ash
geopolymer binder. The fly ash (FA) to coarse aggregate (CA) ratio was taken as
1:8. A constant ratio of 0.5 was considered for sodium silicate to sodium hydroxide.
Influence of aggregate content on the behavior of fly ash based geopolymer concrete
was studied by Joseph and Mathew [11]. Vora and Dave [12] also conducted
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parametric study on the compressive strength of geopolymer concrete. The
influence of elevated temperature on the thermal behavior and mechanical perfor-
mance of fly ash geopolymer paste, mortar and light weight concrete was investi-
gated by Abdul-Kareem et al. [13]. Pangdaeng et al. [14] investigated the influence
of curing conditions on the properties of high calcium fly ash geopolymer con-
taining Portland cement as additive. Kupwade-Patil and Allouche [15] studied the
impact of alkali silica reaction on fly ash based geopolymer concrete. Brouwers and
Radix [16] conducted an extensive study on experiments and theories on
self-compacting concrete. The features of “Japanese and Chinese Methods” are
discussed, in which the packing of sand and gravel plays a major role. Demie et al.
[17] conducted an extensive study on the effect of curing temperature and su-
perplasticizer on the workability and compressive strength of self-compacting
geopolymer concrete. Anuradha et al. [18] optimized the molarity on workable
self-compacting geopolymer concrete. Two kinds of system were considered in this
study: 100 % replacement of cement by fly ash and 100 % replacement of river sand
by manufactured sand.

In the present study, the usage of sustainable material GGBS with a 100 %
replacement of cement was used in self-compacting concrete to study its behavior
corresponding to compressive and flexural strength for different molarities of
sodium hydroxide (NaOH). The same been validated using computational tool
ABAQUS.

2 Preparation of Self-compacting Geopolymer Concrete

In order to study the effect of molarity of alkaline solution on the fresh and hard-
ened self-compacting geopolymer concrete compressive test and flexural test were
conducted on self-compacting geopolymer concrete with five different mix designs
by varying the molarity of the alkaline solution. In this case, the cement is com-
pletely replaced by ground granulated blast furnace slag (GGBS) obtained from
JSW Cement Plant. Also, the fresh concrete properties were studied using slump
flow and V-funnel testing. The source material (GGBS) and the alkaline solution
are the two main components of geopolymer. Usually, the alkaline solutions used
are either sodium or potassium based. A combination of sodium hydroxide (NaOH)
and sodium silicate (Na,Si03) or potassium hydroxide (KOH) and potassium sili-
cate (K,Si0O3) is used to react with the alumina and silica content in the source
material.

In this work, combination of sodium hydroxide (NaOH) and sodium silicate
(Na,Si03) is used at a specific ratio. The molarity of sodium hydroxide is varied
between 3 and 11 M (3, 5,7, 9 and 11 M).
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2.1 Physical Properties of GGBS

Color: Off white
Relative Density: 2.92
Bulk Density: 1.2-1.3 ton/m”.

2.2 Chemical Composition of GGBS

The Chemical Composition of GGBS are presented in Table 1 (Fig. 1).

2.3 Catalytic Liquid System

The alumina and silicate in the source material is made to react with the alkaline
solution which is a combination of sodium hydroxide solution and sodium silicate
solution. This solution has to be prepared 24 h before the experiment. It becomes
semi-solid mass beyond 36 h and hence has to be used within the time limit.
Sodium hydroxide solution is prepared by dissolving sodium hydroxide pellets in
distilled water according to the required concentration. For different concentrations
the mass of the NaOH to be dissolved in the water varies.

2.4 NaOH Molarity

The quantity of NaOH required for the preparation of 1 L NaOH solution of each
molarity is given in Table 2.

2.5 Superplasticizer

The superplasticizer used in the research work is Glenium B233 [18]. It is an
admixture based on modified polycarboxilic ether. It was developed in order to

Table 1 Chemical

constituents of GGBS Chemical constituents Percentage
CaO 40
Al,O3 35
Si0, 10
MgO 8
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Fig. 1 GGBS from JSW
cements

Table 2 Mass of NaOH per - -
liter Sl. No. Molarity (M) Quantity of NaOH (g/L)
1 3 120
2 5 200
3 7 280
4 9 360
5 11 440

enhance the durability and performance in high performance concrete. It is com-
patible with any kind of cement as it is free from chlorides and alkali. Its relative
density is around 1.09. The quantity of Glenium added was based on that reported
in the literature [18]. Upon addition of up to 4 % by mass of binder, there was
significant increase in the compressive strength [17]. Hence, for this study 4 % by
mass of binder is considered.

2.6 Aggregates

Fine aggregate of specific gravity of 2.6, passing through 4.75 mm sieve was used
in GGBS based self-compacting geopolymer concrete. Coarse aggregate of spe-
cific gravity 2.66, passing through 16 mm and retained in 12 mm was used.

2.7 Mix Design

The mix design of self-compacting concrete is done based on EFNARC guidelines
[19], which is presented in Table 3.
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Table 3 GGBS based SCGC mix design for different NaOH molarity

Mix | Molarity | GGBS |CLS/ |CLS | Fine Coarse Sodium | Sodium
NaOH (M) | (kg/m®) | GGBS | (L) | aggregate | aggregate | hydroxide | silicate
(kg) @)
MI1 |3 500 0.65 |[325 5325 745 1.2 3
M2 |5 500 0.65 |[325 5325 745 2 3
M3 |7 500 0.65 |[325 5325 745 2.8 3
M4 |9 500 0.65 |[325 5325 745 3.6 3
M5 |11 500 0.65 |[325 5325 745 44 3

3 Experimental Evaluation of SCGC
3.1 Fresh SCGC

Self-compacting concrete is highly workable concrete due to its properties like
passing ability, filling ability and resistance to segregation. In order to find the
properties of fresh SCGC, slump flow test and V funnel test were conducted. The
test results of fresh concrete property are presented in Table 4.

It is seen from the results that the workability of self-compacting geopolymer
concrete using GGBS is reducing as the molarity is increased. The results are
graphically represented as in the Figs. 2, 3 and 4.

3.2 Hardened SCGC

In order to find the effect of NaOH molarity on the strength of SCGC, compressive
test and flexural test was conducted on cubes and beam specimens cured in the
room temperature. Standard 150 mm x 150 mm x 150 mm cubes were casted and
28 days compressive strength test was conducted in compressive testing machine of

Table 4 Workability test results

Mix Slump flow (mm) T 50 (mm) V funnel flow time (s)
MI1-3M 750 2.5 7

M2-5M 728 3 8

M3-T™M 693 33 9.5

M4-9M 668 5 11.5

M5-11M 633 6 13

EFNARC recommended values

Min. 650 2 6

Max. 850 5 12
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Fig. 2 Graphical 760
representation of slump flow
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capacity 2,000 kN; six cubes were casted for each mix. The results obtained for
compressive strength are graphically represented in Fig. 5. From the results
obtained it was seen that the compressive strength was reduced with the increase in
molarity.
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Fig. 5 Effect of NaOH
molarity on 28 days
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Three standard beam specimens of dimension 500 mm X 100 mm % 100 mm was
used to conduct flexural test (Fig. 6). From the results obtained, it is seen that the
flexural strength is decreasing with the increase in molarity of NaOH.

4 Numerical Evaluation of SCGC

The results obtained from experimental studies were compared by modeling the same
specimen using ABAQUS CAE 6.10. Cubes of sizes 150 mm x 150 mm x 150 mm
were modeled. Two steel plates of thickness 10 mm were considered on sides per-
pendicular to the loading plane. The interaction between the steel plates and concrete
cubes is defined as tie constraint. The material properties for steel and SCGC with
different molarities are defined. The Young’s modulus for each mix was different. The
Poisson’s ratio was considered to be 0.15 for all the specimens. Similarly, material
properties of steel plates were also defined. The Young’s modulus for different mixes
were as given in Table 5.
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Table 5 Young’s modulus

SI. No. Mix Molarity of NaOH (M) Young’s modulus (N/mm?)
1 M1 3 36742.35
2 M2 5 36362.37
3 M3 7 33433.18
4 M4 9 30586.85
5 M5 11 26457.51

4.1 Modeling of Cube

Different mesh sizes were considered for the concrete cube and the steel plate. As
the concrete cube was the interest of our study, it was given coarser mesh and the
steel plates were given finer mesh. The element used was C3D8R which was an
8-node linear brick with reduced integration, hourglass control. The FE model and
mesh of the cube specimen are shown in Figs. 7 and 8, respectively. Uniform
pressure was applied on the top of steel plate and the bottom portion of the plate
was fixed (Fig. 9).

Though concrete is a brittle material, here only linear elastic analysis was
considered. The stress-strain graph was obtained from ABAQUS. The results
obtained were slightly less than that of the experimental results. The Strain contour is

Fig. 7 Model of

150 mm x 150 mm X 150 mm
SCGC in ABAQUS/CAE
6.10
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Fig. 8 Meshed specimen

shown in Fig. 10. The results are presented in Table 6 and are plotted in Figs. 11, 12
and 13. From Figs. 11 and 12, it can be seen that the stress-strain behavior of self-
compacting geopolymer concrete varies linearly.

Fig. 9 Load and boundary
condition applied
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Fig. 10 Strain contour

3 0 00 o S L

Table 6 Compressive strength obtained from ABAQUS

SI. No. Mix Molarity of NaOH (M) Compressive strength (N/mmz)
1 Ml 3 53.31

2 M2 5 52.13

3 M3 7 44.05

4 M4 9 36.73

5 M5 11 27.3

4.2 Stress—Strain Graphs for 3 and 5 M

See Figs. 11 and 12.

4.3 Comparison of Experimental and Numerical Results

See Fig. 13.
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Fig. 11 Stress-strain curve 60
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5 Conclusions

In this research work, the effect of sodium hydroxide concentration on the com-
pressive and flexural strength of self-compacting geopolymer concrete with ground
granulated blast furnace slag and binder was studied. Also, the effects of con-
centration on fresh concrete properties were investigated. Hence, the variable
considered in this work is the concentration in terms of molarity of sodium
hydroxide. Five different mix designs with varying molarity were considered. The
molarity was varied between 3 and 11 M with an increment of 2 M.

To study the properties of fresh concrete slump flow test and V-funnel test were
conducted. The results obtained shows that,

— Workability of self-compacting geopolymer concrete is decreasing with the
increase in the molarity of sodium hydroxide.

— When the concentration of sodium hydroxide increases, the viscosity of the
alkaline solution further increases which in turn reduce the workability.

To study the properties of hardened concrete compressive and flexural strength
tests were conducted. The results obtained shows that,

— Compressive and flexural strengths were decreasing with the increase in
sodium hydroxide concentration because of flow properties of SCC in which
polymerization effect hasn’t had the significant effect on the mix.

References

10.

. Okamura H, Ouchi M (2003) Self-compacting concrete. ] Adv Concr Technol 1(1):5-15
. Komnitsas KA (2011) Potential of geopolymer technology towards green buildings and

sustainable cities. Procedia Eng 21:1023-1032

. Palomo A, Grutzeck MW, Blanco MT (1999) Alkali-activated fly ashes a cement for the

future. Cem Concr Res 29:1323-1329

. Chindaprasirt P, Chareerat T, Sirivivatnanon V (2007) Workability and strength of coarse high

calcium fly ash geopolymer. Cem Concr Compos 29(3):224-229

. Sengul O, Tasdemir MA (2009) Compressive strength and rapid chloride permeability of

concretes with ground fly ash and slag. J Mater Civil Eng 21(9)494-501

. Hardjito D, Wallah SE, Sumajouw DMIJ, Rangan BV (2007) Factors influencing the

compressive strength of fly ash-based geopolymer concrete. Civil Eng Dimension 6(2):88-93

. Temuujin J, van Riessen A, MacKenzie KJD (2010) Preparation and characterization of fly ash

based geopolymer mortars. Constr Build Mater 24(10):1906-1910

. Khater HM (2012) Effect of calcium on geopolymerization of aluminosilicate wastes. J Mater

Civil Eng 24: 92-101

. Li X, Ma X, Zhang S, Zheng E (2013) Mechanical properties and microstructure of class C fly

ash-based geopolymer paste and mortar. Materials (Basel) 6(4):1485-1495
Tho-in T, Sata V, Chindaprasirt P, Jaturapitakkul C (2012) Pervious high-calcium fly ash
geopolymer concrete. Constr Build Mater 30(325):366-371



1686 J.S. Kalyana Rama et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Joseph B, Mathew G (2012) Influence of aggregate content on the behavior of fly ash based
geopolymer concrete. Sci Iran 19(5):1188-1194

Vora PR, Dave UV (2013) Parametric studies on compressive strength of geopolymer
concrete. Procedia Eng 51:210-219

Abdul-Kareem OA, Al AMM, Kamarudin H, Nizar IK, Saif A (2014) Effects of elevated
temperatures on the thermal behavior and mechanical performance of fly ash geopolymer
paste, mortar and lightweight concrete. Constr Build Mater 50:377-387

Pangdaeng S, Phoo-ngernkham T, Sata V, Chindaprasirt P (2014) Influence of curing
conditions on properties of high calcium fly ash geopolymer containing portland cement as
additive. Mater Des 53:269-274

Kupwade-Patil K, Allouche EN (2013) Impact of alkali silica reaction on fly ash-based
geopolymer concrete. J Mater Civil Eng 25(1):131-139

Brouwers HJH, Radix HJ (2005) Self-compacting concrete: theoretical and experimental
study. Cem Concr Res 35(11):2116-2136

Demie S, Nuruddin MF, Ahmed MF, Shafiq N (2011) Effects of curing temperature and
superplasticizer on workability and compressive strength of self-compacting geopolymer
concrete. National Postgraduate Conference, pp 1-5

Anuradha R, Thirumala RB, John PN (2014) Optimization of molarity on workable self-
compacting geopolymer concrete and strength study on SCGC by replacing fly ash with silica
fume and GGBFS. Int J Adv Struct Geotech Eng 03(01)

EFNARC (2002) Specification and guidelines for self-compacting concrete. European
Federation of National Associations Representing for Concrete (EFNARC), ISBN
09539733 4 4



Performance Studies on Geopolymer
Based Solid Interlocking Masonry Blocks

M. Sudhakar, George M. Varghese and C. Natarajan

Abstract Hydraform interlocking blocks were developed in industrial site from the
optimum mix obtained by factorial design of experiment using alumino-silicate rich
industrial waste materials like fly ash (FA), ground-granulated blast-furnace slag
(GGBS) and bottom ash (BA). A strong alkaline mixture of sodium silicate
(Na,SiO3) and sodium hydroxide (NaOH) in seawater was used as the activator
liquid for geopolymerization to carry out. The physical and mechanical properties
of the blocks were studied and proved to be superior. The present paper evaluates
the masonry design strength from prism test and also discusses the influence of the
variation of height-to-thickness ratio and loading direction on the strength. The
prisms and panels subjected to loading applied at eccentricities of 0, t/6, and t/3,
generally experienced by arches, vaults and pillars, showed good results. Wallettes
tested for Flexural strength, under horizontal bending, performed better than that
tested under vertical bending and gave the orthogonal ratio as 0.556, useful in wall
design. The failure mechanism patterns are also discussed briefly. The paper con-
cludes that the geopolymer blocks are sustainable and a structurally viable option
for the construction industry.

Keywords Geopolymer blocks - Compressive strength - Prism test - Eccentric
capacity - Flexural strength

1 Introduction

A sustainable development has to cater to the needs of the present without com-
promising the ability of future generations to meet their own needs. The technol-
ogies for the industrial waste utilization, especially in building construction sector
have given considerable worldwide attention as it paves the way for reducing
greenhouse gases emission leading to sustainable development. Present trends and
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development in industrial sectors pose a big challenge to maintaining low energy
consumptions and CO, emissions leading to global warming and climate changes.

Coal-powered power stations generate 41 % of world’s electricity. Some
countries show higher dependence on coal electricity production ranging around
43 % in US, 68 % in India and 94 % in South Africa [1]. Globally, it is estimated
that 750 million tons of FA is generated each year including the Indian contribution
of 180 million tons from its 90 thermal power plants. Current gainful utilization of
FA figures is 39 % in US and 47 % in Europe [2] and 43 % in India [3]. Also due to
the variations in the composition coal, the resultant by-product FA also varies not
only from region to region but also within the region. Approximately 316 individual
minerals and 188 mineral groups have been identified in different FAs [4]
throughout the world.

The ever increasing volume of fly ash quantities in the world has not been
properly matched by its utilization. The problem of FA disposal, BA in particular, is
more challenging. Recent studies [5] concluded that fly ash application to agri-
cultural soil even at a small scale of 5 % is not suitable for leafy vegetable growth
and reduces biomass and yield. These openly dumped ashes also pose radiation
hazard due to the leachability of radio nuclides (atoms with unstable nucleus) into
the ground water stream, ultimately contaminating the drinking water sources [6].
As such, there is an urgent need to find more possible ways of effective utilisation
of Fly ash. It requires a lot of efforts to achieve 95-100 % utilization as the energy
demand is also increasing rapidly. Hence the only sustainable option left may be the
brick/block manufacture due to bulk consumption of BA.

Masonry is a field assembled product, handcrafted by people who are not nec-
essarily highly skilled, with materials that are not exact and designs that are not
always specific despite the fact that 70 % of world’s existing construction includes
masonry. The inherent advantage of masonry is that the same “form” can perform
multiple functions like providing structure, subdivision of space, thermal and
acoustical insulation, fire and weather protection simultaneously. It is relatively
cheap, durable and can make elegant external appearance. It is the oldest and
arguably the best building system known to man so far. Bricks are widely used as a
building material throughout the world. But their smaller size with higher number
of mortar joints ends in relatively slower execution. Also in the manufacturing of
clay bricks, the average embodied energy is approximately 2.0 kWh and release
about 0.41 kg of carbon dioxide (CO,) per brick. The clay brick industry also
consumes more than 24 million tons of coal and emits more than 42 million tons of
CO; to the atmosphere [3].

As per BS6073-1:1981 clause 3.1.2 “a brick masonry is a unit not exceeding
337.5 mm length, 225 mm in width, or 112.5 mm in height”. Any unit with a
dimension that exceeds any one of those specified above is termed as blocks [7].
Block construction is well accepted as a building system in many countries of the
world today. Usage of blocks in place of bricks reduces construction speed when
mortar is used. Hence the search for a more rapid and less labour intensive building
system has led to the development of interlocking dry stackable block masonry
units which can be laid without mortar layers. Quality variation in mortar, and other



Performance Studies on Geopolymer ... 1689

problems associated due to mortar joints such as inadequate bond and cracking of
mortar are eliminated. Handling and positioning are simple and can be done by
semiskilled and unskilled labour with proper guidance. The wall is also more
ductile; not rigid. Dry stacked wall construction will reduce the labour cost by as
much as 80 % [8]. The system provides aesthetic and affordable building walls that
may be left exposed, plastered or finished with cement paint.

Most of the commercially available interlocking blocks vary in geometry,
material, and dimensional characteristics and invariably are proprietary systems.
Blocks masonry systems can be categorized as those that ensure two-way inter-
locking (vertical and horizontal) or those that provide only one-way (vertical)
interlocking [9]. Many of the developed systems did not progress beyond the design
stage because of the complicated configurations [10]. This technology is not yet
regulated by code of practice. Several countries are now involved in the develop-
ment of this technology; however, the emphasis so far has been on the development
of the geometrical properties of the dry-stack masonry units with very little
attention on the analytical investigation. This is likely due to the fact that the
development of interlocking dry-stack masonry units requires continuous extensive
modifications through experimental investigations before satisfactory geometry is
achieved. There is a great diversity among the existing dry-stack masonry systems
because of the unique nature of the interlocking mechanism of the units. Each
interlocking system is unique with regard to structural behaviour [11].

The alumino-silicate rich materials like fly ash, GGBS along with bottom ash
were bonded together in a high alkaline medium called geopolymerization. Geo-
polymer, a term coined by a French chemist, Dr. Joseph Davidovits in 1978, is a
class of materials formed by the polymerization of silicon, aluminum, and oxygen
species to form an amorphous three-dimensional framework structure. The primary
course of reaction is dissolution, condensation, polymerization and resulting in the
formation of three-dimensional semi-crystalline amorphous structure [12]. The
chemical bonds of Si—-O and Al-O are among the most stable covalent bonds in
nature and the polycondensation degree of geopolymer is much higher than cement-
based materials. Hence, they possess many advanced properties such as the
excellent compressive and bond strength, long-term durability, low shrinkage,
better resistance to fire, acid, sulphate, freeze-thaw and corrosion [6]. Besides, it is
also a “Green Material” for its low manufacturing energy consumption and low
waste gas emission. Because of these prominent characteristics, geopolymer is
considered as one of the potential candidates to solve the conflict between social
development and environmental pollution from binder.

The compressive strength of masonry is the most important parameter in the
design of masonry structures and it primarily depends on the strength of the indi-
vidual block units. Masonry design values for the geopolymer binder based
masonry are estimated by the prism test as mentioned by IS 1905-1987 [13], and
the influence of height-to-thickness ratio and loading direction on those prisms are
worth studying. The paper also focuses on the eccentric load carrying and flexural
capacities of the Geopolymer based masonry.



1690 M. Sudhakar et al.

2 Experimental Program

2.1 Materials

The chemical composition of the industrial effluents utilized in the mix is presented
in Table 1. These wastes and other ingredients like Sodium Silicate, Sodium
Hydroxide and sea water were collected from various places in and around
Tiruchirappalli, Tamil Nadu.

2.2 Methodology

Compressive strength test of the Hydraform interlocking block should be done in
compression testing machine in accordance with IS 3495 Part I-1976 after 28 days
of curing was recorded [14]. To apply the load to the flanged portion of the blocks,
two steel plates of sizes 50 mm x 230 mm and thickness 10 mm are placed on top
flange and gradual load is applied over the plates till failure occurs and the maxi-
mum load at failure is noted. The compression test was conducted on thirty blocks
and the schematic arrangement of the test setup is shown in Fig. 1. The flexural
strength test on the blocks is done in accordance with ASTM C67 [15] given for
clay bricks and the test setup is presented in Fig. 2.

Table 1 Chemical composition of industrial waste materials used

Material Specific gravity Composition, %

Fly ash 2.05 Si0, AlLO3 Fe,03 CaO SO;
53.30 29.50 10.70 7.60 1.80

GGBS 2.20 SiO, AL O3 FeO CaO MgO
35.47 19.36 0.80 33.25 8.69

Bottom ash 2.05 SiO, Al O3 Fe,O3 CaO SO;
56.76 21.34 5.98 2.88 0.72

Fig. 1 Compressive strength 230%50%10

test setup

Steel plate

€~ Block

N

230x100x10
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Fig. 2 Flexure strength test
setup

The Indian masonry design standard (IS 1905-1987) does not deal with inter-
locking block masonry, but Appendix B clause 5.4.4 describes prism tests which
are small assemblages representing the actual construction, to determine the
masonry ultimate compressive strength. Accordingly, the h/t should not be less than
2, with minimum height 40 cm and given the correction factors up to 5 (h/t). With
respect to the dimensions of the blocks studied a minimum of four layers were
required. For h/t ratio 2.3, a correction factor of 1.06 is applied. The prism must be
built of similar material under the same conditions with the same bonding
arrangement as that of the structure. The test was done on ten specimens and
schematic arrangement of the test setup is shown in Fig. 3, with a bonding
arrangement similar to the structure using half and full blocks. The influence of
variation in h/t ratios and the loading direction are indicated in the figures below.

The figures for the test setup of eccentric and flexural load carrying capacity are
presented in Figs. 4 and 5. The eccentricity is applied at 0, /6 and t/3 positions with
rods at top and bottom of the prism and panel specimens. The calculations of the

Fig. 3 Prism test setup indicating different h/t and loading direction arrangements
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Fig. 4 Different eccentric compression test arrangements

Fig. 5 Loading arrangement of masonry a parallel b perpendicular to bed joint

strengths are done according to IS 1905 and BS 5628. Conventional masonry is not
isotropic and therefore does not provide the same resistance to bending in both
directions. The difference in resistance to bending when spanning vertically (load
parallel to bed joints) and horizontally (line of load perpendicular to bed joints), the
orthogonal ratio, is used primarily for the calculation of bending moments in wall
design.
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3 Results and Discussions

The results including physical and mechanical properties of the masonry units,
prisms and panel specimens are presented in tabular form separately in Tables 2, 3
and 4 respectively.

The water absorption property and density were observed to be within the
permissible limit of as per IS 1725-1982 [16]. The results of strength are very much
encouraging with the geopolymerization in sea water, due to the formation of semi-
crystalline polymeric structures. Cost of the block is little high mainly due to the
lack of transportation network and Na,SiO3 and NaOH is responsible for 68 % of
the cost.

The tensile and shear stress values can be derived for interlocking block masonry
using prism test in same way as Clauses 5.4.2 and 5.4.3 of the code and are
presented in Table 5.

Table 2 Test results of

individual masonry units Parameters Results
Density 1635.16 kg/m®
Water absorption 11.95 %
Compressive strength 15.81 MPa
Flexural strength 5.99 MPa
Total cost per block Rs. 15.45
Table 3 Tf.:st results of Parameters Results
masonry prisms
Prism Strength, MPa | Loading per- Loading parallel
pendicular to to bed joint
bed joint
6.54 3.62
Eccentric e=0 |e=t/6 |e=1t3
compressive 6.81 10.72 11.01
strength, MPa

Table 4 Test results of

individual masonry units Parameters Results
Eccentric e=0 e=1t/6 e=1t/3
compressive 2.54 4.25 5.02
strength, MPa
Flexural Loading Loading
strength, perpendicu- parallel to
MPa lar to bed bed joint
joint
0.9 0.5
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Table 5 Desi 1 13
. csign vanes L13] Stress type Permissible value, MPa
for interlocking geopolymer
masonry from prism test Basic compressive stress 1.63
Permissible tensile stress 0.14
Permissible shear stress 0.37
Modulus of elasticity 1,180
Modulus of rigidity 475
6.5
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Fig. 6 Plot between h/t ratio and compressive strength

The reduction in the compressive strength of the prism compared to the indi-
vidual block unit was due to the effect of the slenderness of the prism specimen.
The reduction in strength with increase in h/t (Fig. 6) observed in the prism
specimens may have been due to the interlocking interaction between the different
block units. The increase in the number of interlocking joints adversely affects the
strength. The in-plane strength of the infill wall rely on the strength of the masonry
when loaded in the direction parallel to the bed joint. The factor y = 0.55 (ratio of
parallel to perpendicular loading directions) is useful in the design of infill masonry
in combination with the diagonal strut approach.

Wallettes tested under horizontal bending performed better than those tested
under vertical bending. The orthogonal ratio is about 0.556 is required for the wall
design. The load-deflection curves of the prism specimens under eccentric loading
and panels loaded parallel and perpendicular to the bed joints are presented in
Figs. 7 and 8.

Fig. 7 Load-deflection plot
of prism specimens under
eccentric loading case for
eccentricities 0, t/6 and t/3
(not to full failure)

300 —e=0

10

Deflection, mm
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Fig. 8 Load-deflection plot 56
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4 Failure Mechanism

The failure pattern of individual block is visible from Fig. 9 is by crushing while the
flexural failure is shown in Fig. 10. The failure modes observed for masonry prisms
under compression, loaded in the direction perpendicular to bed joint are of two
kinds. One is masonry crushing for the weak units or a complete collapse (Fig. 11)
and the other is the vertical cracking through the interlock portion of the prism
(Fig. 12). Due to the low tensile strength of the masonry, cracking through the
flange or web of the units is formed which results in the final failure of the prism.
The longitudinal cracking was observed from top to bottom throughout the prism
specimen loaded in a direction parallel to bed joint, due to splitting tensile stresses.
This may be the reason for low ultimate strength observed in the specimen. Also the
confinement effects of the loading table may force the interlocking parts of the
prisms to fail in shear. The use of different effective areas in the calculation of
strength adds discrepancy to the results.

Fig. 9 Crushing under
compression
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Fig. 10 Failure under flexure

Fig. 11 Failure patterns observed in prism test for different h/t ratios

As expected, at an eccentricity of t/6, crushing failure occurred on the com-
pression side along the interface between successive blocks, whereas at t/3, sepa-
ration was observed along the interface of successive blocks on the tension side
together with spalling on the compression face as shown in Figs. 13 and 14.

The failure of the wallettes under horizontal bending, where loading was in the
direction perpendicular to the bed joint, was characterised by the gradual rotation of
the units around the vertical axis with load increase leading into opening of the
vertical joints in the area between the loading points accompanied by the formation
of uniform curvature to the entire section (Figs. 15 and 16). The average lateral load
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Fig. 12 Failure patterns when loaded parallel to the bed joint

Fig. 13 Failure patterns in prisms when loaded with eccentricities 0, t/6 and t/3
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Fig. 15 a Top view of flexural loading arrangement of masonry perpendicular to bed joint and
b its failed view

Fig. 16 Failure patterns of flexure loading under horizontal loading



Performance Studies on Geopolymer ... 1699

Fig. 17 Typical mode of failure of wallette under vertical bending a before failure b after failure
¢ side view

at failure was 28 kN. Failure of the interlocking mechanism by shear was also
observed. The bed joints remained very tightly closed.

The failure under vertical bending accompanied by the gradual opening of the
bed joints above the mid-section stretching across the entire length of the specimen
was clearly visible from the Fig. 17. The average ultimate load at the point of failure
was 16 kN. The opening of the bed joint due to the rotation of the units along
vertical axis was observed, which eventually resulted in the sliding of the units out
of the interlocking mechanism. The entire vertical joints practically remained
closed.

5 Conclusions

Test results and the sustainable characteristics indicate that the geopolymer-based
interlocking block system has great potential to be adopted in building or housing
construction. The geopolymer binder blocks prepared with sea water showed very
good physical and mechanical properties. Prisms, loaded parallel to the bed joint,
were found to exhibit lower strength than prisms loaded normal to the bed joint and
the horizontal-to-vertical ratio was found to be 0.55.

The geopolymer-based interlocking prisms and panels posses superior eccentric
load carrying capacity ensuring its use as arches, vaults, pillars and out-of-plane
loaded masonry panels. Wallettes, tested under horizontal bending, performed
better than those tested under vertical bending and the flexural strength perpen-
dicular to bed joints was about two times that parallel to bed joints. The orthogonal
ratio, primarily used for the calculation of bending moment resistance in panel wall
design is estimated to be 0.556. The mortarless interlocking dry-stack masonry
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when compared for the allowable stress in flexure is equivalent to the conventional
masonry with mortar designation (i), given by BS 5628-1992, having mortar
strength greater than 14 MPa and unit block strength 16 MPa. The bar chart
representation of the comparison is shown in Fig. 18.
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A Review on Studies of Fracture
Parameters of Self-compacting Concrete

J. Sri Kalyana Rama, M.V.N. Sivakumar, A. Vasan, Chirag Garg
and Shubham Walia

Abstract In the recent past, the use of self-compacting concrete (SSC) as a primary
structural material in complex structures such as tall buildings, submerged
structures, bridges, dams, liquid and gas containment structure has increased
enormously. Proper understanding of the structural behavior of SCC is absolutely
necessary in designing complex concrete structures. Due to the presence of micro-
cracks and other inherent flaws, the strength of the concrete structure decreases.
Engineering fracture mechanics can deliver the methodology to compensate the
inadequacies of conventional design concepts. It might be expected that SCC would
exhibit more brittle behavior than normal/conventional concrete. The improved
pore structure and better densification of matrix have great influence on the fracture
characteristics of SCC. It is widely agreed that the strength, elastic modulus and
fracture resistance of SCC decreases slightly with increased paste content.
Increasing the volume of paste tends to make SCC brittle. Due to the quasi-brittle
nature of concrete; various computational fracture models have been developed to
study the crack characterizing parameters in concrete structures, such as fictitious
crack model, crack band model, two parameter fracture model, size effect model,
smeared crack model, cohesive crack band model and effective crack model.
Compared to conventional vibrated concrete, self-compacting concrete often has a
higher susceptibility to crack due to different mixture design, material properties
and construction practices. Many studies have addressed the SCC fracture prop-
erties using different computational models. As mentioned above, all these studies
are purely computational and there is no support or evidence from the experiments.
This paper deals with presenting the various models as well as experimental
investigations that have already been conducted by some of the researchers to study
the exposure of self-compacting concrete to crack.
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1 Introduction

1.1 History of SCC

The concept of self-compacting concrete originated in the 1970s when researches
were carried on underwater [1-11]. The first model of SCC mix design was
developed by Okamura and Ozawa et al. in 1989, as mentioned in Gaimster and
Dixon [11]. The mix design of SCC was simultaneously studied in Europe, Japan
and North America at the same time between 1970 and 1990. All the initial studies
revolved around developing the best mix design for self-compacting concrete.
Figure 1 compares the content difference between SCC and a regular mix. SCC is
preferred over normal concrete as it offers several advantages over the later one
which can be namely classified into economical, technical and environmental. The
technical advantages of SCC mainly comprised of the benefits like concreting in
heavily reinforced sections, with the help of SCC, thin section precast units could
be manufactured and also structures of any geometry could casted. Economically
too, SCC was preferred due to its reduced construction time and reduced labour
costs because of safe operations. Because SCC had a reduced level of carbon foot-
printing and had a large scope for use of waste materials, it had environmental
advantages as well.

Several researchers worked hard to develop the most efficient and effective
design mix of SCC. Many methods for mix were coined by people, the primary

2% Regular Mix
[
10% 18% | 25% 45%
Cement Water 2 i Fine Aggregate A 3 Course Aggregate
o= '
10% 18% 8% 26% 36%
2% SCC

Fig. 1 SCC mix versus regular mix [1, 2]
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methods being [12-23]: Power method, Admixture method and Combination
method. After the study of mix design and workability mixes of this type of
concrete, studies were carried on to explore the fracture parameters of SCC.

2 Fracture Parameters of SCC

The first study to explore about the fracture mechanics and the parameters of SCC
was carried out by Bourdette et al. [24] in 1995. In this research, the ion diffusion
process in different mortars has been studied. The diffusion process arises due to the
presence of transition zones in the mortar paste. With the help of mercury, these
transition zones were studied and it was concluded that this zone depends upon the
mortar composition and degree of hydration.

Further studies carried out by Prokopskia and Halbiniakb [25] in 2000 dem-
onstrated the critical values of stress intensity factors, K, and the critical values of
crack tip opening displacement, CTOD as per RILEM specifications. The samples
with aggregates used directly and aggregates coated with paraffin were tested. The
different transition zones in both the cases showed difference in the mechanical
strengths of both the samples as well. The crack tip opening displacement dropped
when the aggregates with coating were used. In 2002, Jefferson [26] produced a
model to demonstrate the formed cracks in concrete. The main aim of the model
was to understand the interlocking of aggregates and crack closing behaviour.
Three contact states were observed for experimental data with the help of a contact
function. These states were named open, where there is no contact, interlock, for
which the stresses depend upon the nearest distance to the contact surface and
closed, for which the stresses depend upon the relative displacements directly.
Jefferson concluded that the interlocking of aggregates plays a crucial role in the
fracture behaviour of SCC. This behaviour had not been accounted for in the
previous studies.

In the very same year, Toumi and Bascoul [27] studied the crack propagation in
concrete under fatigue. They observed the mode 1 crack in a notched beam spec-
imen by carrying out a three-point bending test. Microscopic observations and FEM
modelling were both used to understand the propagation of the crack. It was
concluded through this study that cohesive force distribution can be assumed at
various loading stages. This study was extended by Hanson and Ingraffea [28] in
2003 when the size-effect, two-parameter, and fictitious crack models were
developed to predict crack growth in materials like concrete that experience tension
softening. They studied the crack mouth opening displacement of a specimen by
plotting a graph against specific loading.
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3 Discrete and Smeared Crack Model

In 2004, de Borst et al. [29] made an attempt to bridge the gap between discrete and
smeared crack model for concrete fracture. They challenged the conventional belief
of the two models being very different from each other by exploiting the partition of
unity property of finite element shape functions. The study concluded that both
approaches have their domain of application: discrete crack models are appropriate
for modelling one or more dominant cracks, while smeared crack models can
simulate the diffuse cracking patterns that arise due to the heterogeneity of concrete
and the presence of reinforcement. Figure 2 represents the crack propagation as
studied in 2004 by Rene de Borst et al. But in 2006, Cervera and Chiumenti [30]
carried out a study to show the difference between the discrete and smeared crack
model. The paper focuses on the smeared approach, identifying as its main draw-
backs the observed mesh-size and mesh-bias spurious dependence when the method
is applied ‘straightly’. This paper shows the application of standard finite elements
with continuous displacement fields, such as linear triangles, to the solution of
problems involving the propagation of tensile cracks using the classical smeared
crack approach; in this case, via a local isotropic continuum damage model with
strain softening regularized using the classical fracture energy regularization
technique. Figures 3 and 4 represent the difference as indicated by M. Cervera
and M. Chiumenti between the discrete and smeared crack approach. Both the
approaches were tested with and without remeshing.

Fig. 2 Crack propagation [29]
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Fig. 3 Discrete crack (a) (b)
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4 Fracture Energy and Softening Curve

In 2008, Zhao et al. [31] further extended the study on effects of specimen size on
the fracture energy and softening curve of concrete. With the help of a three point
test on a notched beam, they studied if the fracture energy changed with variation in
size of specimen. They concluded through their tests results that the fracture energy
increases with an increase in specimen size in both the beam and wedge splitting
tests. They asserted that the fracture energy increases with an increase of the
specimen size, especially in the wedge tests, and asymptotic behaviour over the size
is observed in some concretes. Additionally, it was shown that the fracture energy
increases with an increase of the maximum aggregate size, but there was no sys-
tematic trend with the water to binder ratio and the test method. They continued
their research by representing the relationship between the crack opening and the
gradual stress drop after tensile strength by an inverse analysis [32]. In this
extended research work, they have discussed about the fracture process zone with
respect to the size effect. The fracture analysis of concrete was therefore done in
two-fold stages, first being the fracture energy analysis and the second being the
inverse analysis.

Again in 2008, Seleem et al. [33] observed the effect of coarse aggregate type,
crack-depth ratio (a/w) and area of tensile steel reinforcement (As) on the fracture
toughness of SCC. This was an extension to the previous research work done on the
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size effect of aggregated on the fracture properties of SCC. This study covered the
coarse aggregate type and reinforcement with steel is the main criteria of change
from the previous works. At the end of this research, it was concluded that the
fracture toughness self-compacting concrete decreased with increasing crack—
depth ratio and that the presence of steel reinforcement in the cracked section
created a closing effect to the crack propagation. Another observation they made
was in 2012, when they studied the fracture parameters by varying the depth of the
notch and increasing the area of reinforced bars [34]. Eskandari et al. [35] also
concluded almost similar results but they also compared the results between beam
specimens with and without notches.

4.1 Studies in the Recent Past

Valentini and Hofstetter [36], in 2011, studied the plasticity model and a damage-
plasticity model of a 3D concrete specimen with the help of finite element analysis.
They observed and studied the variation between the predicted and actual material
behaviour. As a result of their study, they developed an efficient stress update
algorithm in a finite element program for performing large-scale 3D numerical
simulations of concrete structures.

In 2012, Aslani and Nejadi [37] developed three new models for the fracture
study on SCC and conventional concrete both. These models included elastic
model, tensile strength model and a compressive stress-strain model. These models
were also verified against the experimental results. Upon verification against
experimental results, they concluded that the three models could accurately predict
the branches of the stress-strain curves. The models also predicted the descending
curves with a minimum range of deviation with a reasonable accuracy, which
helped to study the fracture parameters. On a similar basis, in 2013, Grégoire et al.
[38] compared experimental results with numerical simulations performed with
reference to an integral non local model. The shortcomings of this classical for-
mulation were also illustrated, which failed to describe size effect over the inves-
tigated range of geometries and sizes. Experimental results were also compared
with the universal size effect law.

Cifuentes and Karihaloo [39] analysed the wedge splitting results obtained for
normal- and high-strength self-compacting concrete and by comparison with the
available results previously obtained under similar conditions for normal- and high
strength vibrated concrete, and concluded that the specific fracture energy of self-
compacting concrete mixes is lower than that of vibrated mixes of the same strength
and the ductility of vibrated concrete mixes as measured by their characteristic
length is only marginally higher than that of self-compacting concrete mixes.
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5 Flexural Behavior of SCC

Pajak and Ponikiewski [40] investigated the flexural behavior of self-compacting
concrete reinforced with straight and hooked end steel fibres at levels of 0.5, 1.0 and
1.5 % and compared it to normally vibrated concrete (NVC). They concluded that
the type of steel fibres affects much the post-peak behavior of SCC and generally
SCC indicates similar flexural behavior to NVC where the increase of fibres volume
ratio increases the flexural tensile strength. They also concluded that the fracture
energy increases with the increase of fibre dosage and is higher for hooked end steel
fibres than for straight ones.

Erdem and Blankson [41] quantitatively determined the fractal character and
texture of fracture surfaces investigated their influence on the fracture-related
properties in different types of concrete having different interfacial bonding prop-
erties and coarse aggregate characteristics. They produced various conclusions on
the interfacial zone, texture and aggregate characteristics of the concrete. Mura-
lidhara et al. [42] made an attempt is made to obtain size independent fracture
energy from fracture energy release rate. The new method using the relationship
between RILEM fracture energies and un-cracked ligament lengths seem gave size
independent fracture energy comparable with other methods and the method
seemed to give good results when adopted for varying depths of beam.

Beygi et al. [43] researched experimentally on fracture characteristics of self-
compacting concrete. Three point bending tests conducted on 154 notched beams
with different water to cement (w/c) ratios. The specimens were made from mixes
with various w/c ratios from 0.7 to 0.35. For all mixes, common fracture parameters
were determined using two different methods, the work-of-fracture method (WFM)
and the size effect method (SEM). Investigation major mechanical properties of
SCC for twelve SCC mixes with wide spectrum of different variables i.e. maximum
coarse aggregate size, coarse aggregate volume and aging was performed [44].
They made various conclusions relating the size of coarse aggregate, volume of
coarse aggregate, SCC age, to parameters of compressive and tensile strength of the
concrete.

In the experiment performed in order to determine the effect of coarse aggregate
volume on fracture behavior of self-compacting concrete [45], a series of three
point bending tests as shown in Fig. 5 were carried out on 58 notched beams. SCC

Fig. 5 Three point test for crack propagation study [45]
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was prepared with coarse aggregate in varying percentages of 30, 40, 50 and 60 %
(as the percentage of the total aggregate volume). For all mixes, the fracture
parameters were analysed by the work-of-fracture method (WFM) and by the size
effect method (SEM) to obtain a suitable correlation between these methods which
is used to calibrate fracture numerical models. On evaluating the effect of maximum
aggregate size on fracture behavior of self-compacting concrete [46], the parameters
were analysed by the work-of-fracture method (WFM) and by the size effect
method (SEM) and consequently a correlation between these methods was obtained
which is used to calibrate cracking numerical models.

Korte et al. [47], compared the results of static and dynamic three-point bending
tests and wedge-splitting tests on specimens, made from vibrated concrete (VC) and
two types of self-compacting concrete (SCC). Different fracture parameters were
derived from the experimentally obtained load-CMOD curves (load vs. crack
mouth opening displacement) and the softening curve was extracted using inverse
analysis. In 2014, Huang et al. [48] investigated the physico-chemical process of
self-healing in blast furnace slag cement paste. The physico-chemical process of
self-healing in slag cement paste was simulated with a reactive transport model and
the effect of carbonation on self-healing was studied by using thermodynamic
modelling. Pacheco et al. [49], studied bending cracks in reinforced concrete
specimens by measuring the electrical resistance across the crack. Cracks have a
major influence on the durability measurements of concrete. This effort was made to
relate crack width to the electrical resistance across the crack.

6 Digital Image Correlation Technique

In 2010, Shah and Kishen [50] started the use of Digital Image Correlation
Technique to observe the fracture properties such as mode I and mode II fracture
toughness and the critical strain energy release rate for different concrete-concrete
jointed interfaces. The set-up for DIC technique is shown in Fig. 6. Images were
captured at several intervals of the loading process and then they were correlated
and the surface displacements were computed from which the surface strains, crack
opening displacements, load-point displacement, and crack length and crack tip
location were also computed as shown in Fig. 7. They concluded that the image
correlation technique is an effective method to study the crack propagation and
other fracture properties of a concrete specimen. The use of Digital Image Corre-
lation further gained a stronghold when Hemalatha et al. [51] again studied the
crack propagation in a SCC specimen under three point loading test but this time
using a scanning electron microscope (SEM). They again concluded that DIC
technique is very helpful in determining the fracture toughness by observing the
crack tip location and crack lengths.
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Fig. 6 Experimental setup for DIC technique [50]
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Fig. 7 Displacement and cracking pattern obtained from DIC [50]

7 Summary

The self-compacting concrete (SSC) was initially characterized by the study of mix
design. With the progress in time, researchers shifted towards studying the fracture
parameters. The study of fracture mechanism in the SCC began with the fracture
zone and crack mouth opening displacement studies. Different models of fracture
mechanics such as smeared crack model and discrete model were studied and
compared. Fracture energy and fracture energy release rate were also among the
parameters that formed the basis of study along with the softening point curve and
stress-strain curve of concrete. The study further extended to the use of digital
image correlation techniques and the use of other optical devices for precise and
accurate results. Next, researchers started to explore the three-point test results and
the use of notched beam to observe the crack development and crack propagation
through the specimen. This led to the initiation of flexural behavior of the SCC.
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8 Scope for Further Extension

Though finite element approach was studied by several researchers, there is still
scope for the study of fracture parameters by analyzing the crack initiation, prop-
agation, energy release rate, and crack displacement by studying the specimen both
experimentally and by modeling. Further extension in this field can be done to find
out the most effective method for studying the fracture parameters. There are
several methods available for the study however it has not yet been stated which
among these is the most effective under certain circumstances.
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Use of Marble Dust as Clinker
Replacement in Cements

Vineet Shah and Shashank Bishnoi

Abstract Around 6 million tonnes of marble dust, which is a waste product
of marble polishing and grinding, is currently being dumped annually in three states
in India. Though previous studies have investigated the use of this material as
a replacement of fine-aggregate, since its particle size distribution is closer to that of
cement, it could be more suitable as a clinker replacement. As the primary molecule
in marble dust is calcium carbonate, the same as limestone, this study looks at the
possible use of marble dust in ways similar to crushed limestone. Blends of
ordinary Portland cement (OPC) with marble dust, with and without fly-ash and
calcined clays as sources of alumino-silicates, were prepared and tested in the
laboratory. The role of activators such as gypsum and sodium sulphate was also
studied. The results show that although marble dust may be less reactive in such
systems than limestone, it offers the advantage of better workability in concretes
using these blends.

Keywords Carboaluminates - Compressive strength - Fly-ash - Portland cement -
Marble dust

1 Introduction

Cement is the basic ingredient of concrete, a fundamental building material for
society’s infrastructure around the world. Concrete consumption is second only to
water in total volumes consumed annually. The Indian cement industry’s share was
around 7 % of the country’s total man-made CO, emissions as in 2010. India’s
population is set to rise from 1.2 billion to 1.7 billion by 2050 and by the same time,
50 % of India’s population will be residing in urban areas leading to rapid
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urbanisation [1]. Large-scale infrastructure development such as dams in the
northern mountainous regions, ports on the western coast, dedicated freight corri-
dors and airports in the growing metropolitan areas are planned for the growth of
country. All the above factors collectively will drive up concrete demand in the
construction sector. Per capita cement consumption will increase somewhere
between 465 and 810 kg/capita from 188 kg/capita [1].

Increased production of cement will have a strong impact on the overall energy
utilization of the cement industry. More energy input required to meet the demand
in various processes will result in increased fuel consumption leading to higher
emissions of CO, and other greenhouse gases raising concern over the security of
supplies and people. Enormous efforts are being made in the cement industries to
bring down the carbon dioxide emission during cement production by using
alternate fuel and raw material, waste heat recovery, clinker substitution etc. Clinker
substitution by supplementary cementitious materials (SCM’s) like fly-ash, me-
takaolin, silica fume, slag and natural pozzolana material is being used since many
years. But due to every rising emissions and need, efforts are being made to
optimize and use combination of SCM’s together as clinker replacement.

Nearly 960 million tonnes of solid waste is generated every year in India. The
waste produced is mainly by-product of mining, agricultural, municipal, industrial
and other processes [2, 3]. Due to unavailability of proper disposal method, the
waste generated is released into the nearby environment creating health and envi-
ronmental related issues. Due to various economic, social and environmental
restraints, identification of suitable disposal method remains a top priority.

Use of limestone powder as partial cement replacement material is well known.
Limestone act as a filler material and increase the rate of reaction and to some extent
it participates in cement hydration process to form carboaluminate which is more
stable form as compared to monosulfoaluminate present in the system [4, 5]. The
ordinary Portland cement (OPC)-limestone reaction is not so prominent due to
limited availability of aluminate ions from clinker and limestone [6]. Use of fly-ash
as a binder material is now known for a long time. Fly-ash initially does not take
part in the reaction and hence the initial strength development is less in cement
containing fly-ash. After sufficient quantity of CH is present in the system the fly-
ash starts reacting with it and form cementitious material [7]. Limestone and fly-ash
produces synergic effect when used together as a constituent for ternary cement
containing clinker and form carboaluminate phases in the system and reduces
conversion of Aft to Afm phase. Around 6 million tonnes of Marble dust, which is a
waste product of marble polishing and grinding, is currently being dumped annually
in three states in India. Though previous studies have investigated the use of this
material as a replacement of fine-aggregate, since its particle size distribution is
closer to that of cement, it could be more suitable as a clinker replacement [7, 8]. As
the primary molecule in marble dust is calcium carbonate, the same as limestone,
this study looks at the possible use of marble dust in ways similar to crushed
limestone.
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2 Methodology

The experiments were carried out in two sets. In first set of experiments chemical
composition of constituent materials were analysed and different blends with
varying proportion of the constituent materials using fly-ash as a source of alumina-
silicate was tested for compressive strength. The variation in blends was done in
such a way that when one of the constituent material proportions was altered then
all the remaining constituent materials proportion was decreased or increased in the
same proportion to have the same mass fraction among materials and in order to
establish a common evaluation basis. The water to binder ratio was fixed to 0.4 and
aggregate to binder ratio was fixed to 1:3 for all the blends. The materials were
added directly into the mixture at the time of casting no prior inter blending or inter
grounding was done. Figure 1 shows the thermal gravimetric analysis (TGA) result
of raw marble dust.

In the second set of experiment, metakaolin was used in place of fly-ash for the
blends which gave consistent compressive strength results from the first set of
experiments. Along with that casting was carried out by using sodium sulphate as
an activator in the system instead of gypsum for the selected blends. In order to
understand the reactivity of different constituents in the blends, the materials were
replaced by quartz one at a time and effect of it was studied. Along with that inter-
blending and inter-grounding of the constituent materials was carried out prior to
mixing with water to create homogenous blend. Mortar specimens of size of
70.6 x 70.6 x 70.6 mm> were cast for compressive strength measurement cured at
27 °C and tested after 3, 7, 28, 56 and 90 days. Chemical analysis of constituent
materials, using XRF, and the experimental matrix are shown in Tables 1 and 2,
respectively.
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Fig. 1 Raw marble dust TGA
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of consttuent meterals wing OPC_[Flyush | Murble dust__| Gypsum

XRF Si0, 20.7 64.5 5.97 3.22
ALO; | 5.68 274 0.35 0.22
Fe,0; | 4.23 3.45 2.87 0.16
TiO, 0423 | L15 0.083 0.033
CaO 62.2 1.14 36.5 313
MgO 0.88 0.245 11.86 0.23
Na,0 0174 | 0.184 0.081 0.135
KO 0322 |0.778 0.094 0.035
SO, 1.94 0.066 0.041 44.2
P,05 0023 |0.165 0.038 0.101
MnO 0.045 | 0.039 0.302 0.011
cl 0.03 0.025 0.008 0.06
LOI 3.12 0.71 416 20.2

Table 2 Experimental matrix

Notations Ratio
Cement | Fly- Marble Gypsum
ash dust

C50F30M15G5 0.50 0.30 0.15 0.05
C57F20M15G6 0.57 0.20 0.15 0.06
C53F32M10G5 0.53 0.32 0.10 0.05
C47F28M20G5 0.47 0.28 0.20 0.05
C51F32M16G2 0.51 0.32 0.16 0.02
C57K20M15G6 | 0.57 0.20 0.15 0.06
C53K32M10G5 | 0.53 0.32 0.10 0.05
C47K28M20G5 | 0.47 0.28 0.20 0.05
C50F30M15N5 0.50 0.30 0.15 0.05
C57F20M15N6 0.57 0.20 0.15 0.06
C53F32M10N5 0.53 0.32 0.10 0.05
C47F28M20NS5 0.47 0.28 0.20 0.05
C100 1.00 0.30 * *
C70F30 0.70 0.30 * *

3 Results

3.1 Compressive Strength

Compressive strength results for blends containing fly-ash and marble dust with
gypsum as activator at different ages is presented in Table 3.
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Table 3 Compressive strength (N/mm?) results at different age

3 days 7 days 28 days 56 days 90 days
C50F30M15G5 3.42 10.81 17.61 22.58 24.97
C57F20M15G6 10.77 12.84 17.36 22.37 28.68
C53F32M10G5 10.84 12.53 16.81 28.11
C47F28M20G5 9.52 11.95 12.34 19.6 22.81
C51F32M16G2 5.46 10.45 20.62 25.41 30.45
C57K20M15G6 13.19 18.70 31.88 28.34 31.98
C53K32M10G5 14.82 24.08 24.834 27.98 20.44
C47K28M20G5 13.36 20.01 26.28 33.07 26.58
C50F30M15N5 5.90 13.45 18.67 23.19 28.84
C57F20M15N6 11.79 13.76 21.84 25.29 27.96
C53F32M10N5 10.95 13.79 20.01 23.74 29.38
C47F28M20NS5 9.52 11.56 16.08 18.49 23.25
C100 20.25 31.13 27.49 44.61 55.65
C70F30 6.94 14.85 25.89 34.17 41.23

3.2 Consistency

The results of the standard consistency tests are presented in Table 4.

Table 4 Standard consistency test

Consistency Percentage of water required to get penetration of 5-7 mm
C100 27.5
C65F35 26.5
C50F30M20 25.5

4 Discussion

4.1 Compressive Strength

With increasing marble dust content in the mix the compressive strength decreases
at all ages. The maximum compressive strength was obtained for the blends con-
taining 15 % marble dust of the total binder system as shown in Fig. 2.

Blends containing sodium sulphate gained higher compressive strength as
compared to the blends containing gypsum. The increase in strength is obtained due
to faster dissolution of ions from sodium sulphate. But at the later age strength this
effect tends to mitigate and equivalent strengths were observed for gypsum and
sodium sulphate blends. When metakaolin was used as aluminate source instead of
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Fig. 2 Compressive strength results for blends containing combination of marble dust and fly-ash

fly-ash high early strength was obtained but at the later age strength loss was
observed as shown in Fig. 3. The compressive strength results of OPC and Portland
pozzolana cement (PPC) are shown in Fig. 4. It can be inferred from the results that
the compressive strength of all the blends containing fly-ash and marble dust
together is less as compared to OPC and PPC.

From the results discussed it can be inferred that compressive strength of the
blends decreases on replacing clinker with marble dust. 30 % strength loss was
observed in blends comprising of marble dust and fly-ash when compared to PPC.
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Fig. 3 Compressive strength results for blends containing combination of marble dust and
metakaolin
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Fig. 4 Comparison of compressive strength results with respect to control mixes

Using metakaolin, higher initial strength was observed but strength loss at later
stage is observed indicating formation of meta-stable phases which get transformed
into stable phase with time or due to leaching. Higher reactivity of metakaolin is
attributed mainly due to its arrangement of penta-coordinated alumina ions formed
during the dehydroxylation process and higher specific surface area. Slight increase
in early age strength is observed when sodium sulphate was used as an activator. At
later ages, the effect tends to mitigate and in most cases it gives lower strength as
compared to gypsum. Moreover, presence of sodium sulphate in the system can
lead to formation of gypsum in presence of CH in later age leading to expansion of
the system. On increasing marble dust and fly-ash in the system in place of clinker a
general trend of decrease in strength is observed but it helps to improve the
workability of the mix.

4.2 Consistency

The standard consistency test was carried out in accordance to IS: 4031 (Part 4) [9].
From the results shown in Table 4 it can be inferred that in order to achieve the
same flow-ability the amount of water required for blend containing marble dust is
less as compared to OPC and PPC, indicating marble dust helps to improve the
workability of system.



1724 V. Shah and S. Bishnoi

5 Conclusions

(i)

30 and 45 % strength loss was observed when 50 % of clinker was substituted
and replaced by combination of marble dust and fly-ash as compared to PPC
and OPC respectively.

(i) With increasing percentage of marble dust in the system, the strength
decreases.

(iii)) Marble dust helps to improve the workability.

(iv) Higher percentage of gypsum in the blends did not have any significant
influence on the formation of additional ettringite in the system. No substantial
change was observed when sodium sulphate was used as an activator. Using
sodium sulphate increase in early strength was observed as compared to
gypsum but at later age the effects tend to mitigate.

(v) The reaction between pozzolanic minerals and marble dust is sluggish in
nature. Determination of appropriate activator and its subsequent effect on the
system along with other parameters should be analysed.
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High Level Clinker Replacement
in Ternary Limestone-Calcined
Clay-Clinker Cement

Sreejith Krishnan and Shashank Bishnoi

Abstract Cements with 50 % clinker contents were produced in a pilot scale using
low grade crushed limestone and low grade calcined clays. The clays were calcined
in a static pottery unit and blending was carried out at a grinding unit in West
Bengal. A total of 40 tonnes of 4 blends of the cement were produced and tests were
carried out in the laboratory. The results show that despite the production being
carried out by untrained personnel and the low clinker factor, relatively high
strengths were obtained from the cements. Results show that it is possible to
improve the economy and eco-friendliness of concrete production through the use
of these new blended cements. The cement also holds the promise to improve the
life of limestone quarries through the utilisation of material that was earlier
discarded.

Keywords Carboaluminates « Low carbon cements - Ternary cements
Metakaolin - Limestone

1 Introduction

Ordinary Portland cement is one of the most versatile building materials available
today. It can be manufactured locally, with available local raw materials. It is
estimated that around 3 tonnes of concrete is produced per capita per year in the
world today [1]. This makes concrete one of the most produced and consumed
material in the world. However, the major criticism faced by the cement industry is
that manufacturing of Portland cement results in the emission of carbon dioxide
leading to global warming and associated climate change. One of the possible
solution to this problem is to lower the clinker factor with supplementary cementing
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materials (SCM) like fly ash, Ground Granulated Blast furnace Slag (GGBS), Rice
Husk Ash, metakaolin etc. However, substitution rates beyond 30 % using various
SCMs have been observed to adversely affect the performance of concrete. In this
study, the possibility of reducing the clinker factor up to 50 % using a mix of
limestone and calcined clay and its effect on mechanical properties of cement is
being investigated.

The kaolinite clay available in India has been found to have pozzolanic prop-
erties [2]. The kaolinite clay on being heated up to 800 °C undergoes dehydr-
oxylation and converts into reactive pozzolana [3]. Monocarboaluminates have
been observed as a hydration product in limestone blended cements [4]. Mono-
carboaluminate is found to be more stable than monosulphoaluminate in the
presence of limestone. Lothenbach et al. [5] observed that formation of monocar-
boaluminate indirectly stabilised ettringite which leads to an increase in the volume
of hydration products and a reduction in porosity.

The metakaolin present in the calcined clay contains aluminates which will react
with limestone to produce calcium monocarboaluminate and calcium hemicarboa-
luminate. The carboaluminates formed will fill out the concrete pore structure and
improve the compressive strength. Antoni et al. [6], suggests that a MK/Limestone
mix of the ratio of 2:1 by weight can be used for the purpose of clinker replacement.
The chemical reaction that takes place is represented by Eq. 1.

A+CC+3CH+H= C3A-CC-Hp (1)

2 Experimental Programmes

2.1 Raw Materials

Two different type of kaolinitic clay samples were obtained from the state of West
Bengal in eastern India for the purpose of this study. First clay contained around
80 % kaolinite (Type 1 clay) while the second clay (Type 2 clay) contained around
20 % kaolinite. The clays were calcined at a temperature of 800 °C in a down draft
kiln using static calcination and a soaked for a period of 8 h. The two limestone
samples were identified, of which one was of cement grade quality (Limestone A)
while the other was of a lower quality with high dolomite content (Limestone B).
The clinker and the gypsum were obtained from Bansal Cement Plant located at
Kharagpur district of West Bengal, where the inter-grinding of raw materials was
carried out. The raw materials were ground together at ratio of 50 % clinker, 30 %
calcined clay, 15 % limestone and 5 % gypsum. Four blends of cement were
produced and used for carrying out the various tests. In addition to these four
blends, a laboratory cement blend was produced using industrial grade metakaolin,
MetaCem 85 and limestone A with same clinker and gypsum as the trial blends.
Table 1 summarizes the cement blends that were produced.
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Table 1 Cement blends and

compositions Cement blend Clay Limestone
LC3 A Type 1 LSA
LC3 B Type 1 LSB
LC3 C Type 2 LSA
LC3 D Type 2 LSB
LC3 E MetaCem 85 LSA

2.2 Tests on Calcined Clay

The calcined clays were tested for their lime reactivity as per IS 1727-1967 [7].

2.3 Tests on Cements

The cement blends produced were tested as per IS 4031 [8] to measure the standard
consistency, initial and final setting times and Blaine’s fineness. Mortar cubes of size
70.6 mm x 70.6 mm % 70.6 mm were cast using the cement blends and standard sand
ataratio of 1:3. A fixed w/c ratio of 0.45 was used for preparing the mortar cubes so as
to compare the performances of each blend at same water cement ratio.

2.4 Tests on Concrete

A fixed water content of 160 kg/m* of concrete were used and compressive strength
was tested at four different water cement ratios of 0.425, 0.45, 0.475 and 0.5.
A constant slump of 75 mm was achieved using BASF MetaGlenium Sky 8777
super-plasticizer. 150 mm x 150 mm x 150 mm size cubes of concrete were cast
and de-moulded after 24 h. They were cured continuously under water till the time
of testing. The strengths results were compared with that obtained from OPC and
PPC with 30 % fly ash replacement. The PPC used was not a commercial PPC but
made by blending fly ash with OPC in the laboratory.

3 Results

3.1 Lime Reactivity

The lime reactivity tests of the calcined clays showed that the fully calcined Type 1
clay was nearly as reactive as MetaCem 85. Type 2 clay showed poor lime reac-
tivity as compared to Type 1 clay. It was observed that the calcination process used
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Table 2 Lime reactivity of 2 —
clays Clay Lime reactivity (MPa)
Fully calcined Type 1 clay 9.25
Fully calcined Type 2 clay 1.38
Partially calcined Type 1 clay 6.30
MetaCem 85 10.01
IS 1344-1981 limiting value 4

resulted in partially calcined clays as shown from the lime reactivity of clays. This
was due to the inefficient distribution of heat in the kilns. It is also interesting to
note that the poor lime reactivity of Type 2 clay makes it ineligible to be used as
Supplementary Cementing Material in the manufacturing of Portland Pozzolana
Cement as per IS 1344 [9]. The lime reactivity results are represented in Table 2.

3.2 Tests on Cements

The standard consistencies of the LC3 blends were found to be higher than OPC.
The initial setting times for all the blends were found to be lower than that of OPC
with the blends containing Type 1 clay setting faster than blends containing Type 2
clay. From Table 3 it can be observed that both initial and final setting times were
found to be within the limits prescribed by the standards. It was observed that the
LC3 blends produced were finer than the OPC as the Blaines fineness values of the
blends were higher. The LC3 blends gave good strength performance with the
blends containing Type 1 clay obtaining greater strengths than both OPC and PPC.
The blends containing inferior clay provided equivalent performance to that of OPC
and PPC even at a low clinker factor of 0.5 as seen from Fig. 1.

Table 3 Properties of the LC3 blends measured in laboratory

Cement Standard consis- Initial setting Final setting Blaine’s fineness
blends tency (%) time (min) time (min) (mzlkg)

LC3 A 32.5 34 290 534

LC3 B 33 33 335 534

LC3 C 34 101 330 520

LC3D 34 105 400 462

OPC 29 190 - 290
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Fig. 1 Compressive strengths LCC Mortar Strengths w/c 0.45
(MPa) of mortar cubes @ w/c
—0.45

Compressive Strengths ( MPa)

LC3A LC3B LC3C LC3D OPC PPC LC3E
Cement Blends

W7 Days M28Days [90 Days

3.3 Tests on Concrete

The LC3 blend A provided the best compressive strengths at 28 days at all the four
different water ratios. The concrete prepared using blends C and D, which contained
low quality clay, gave strengths comparable with that of PPC. It was observed that
variations in strength of concrete cubes were large which was due to the inefficient
calcination process which resulted in the addition of uncalcined clays to the cement.
The lab blend prepared E produced using commercial metakaolin was found to give
strengths comparable to blends A and B. The compressive strength obtained at
different water cement ratios have been shown in Figs. 2, 3, 4 and 5.

Fig. 2 Strength comparisons Strength Comparison,w/c 0.425
of LC3 blends @ w/c—0.425

Compressive Strength (MPa)

LC3A LC3B LC3C LC3ID OPC PPC LC3E
Cement Blends

H1Day mM3Days M7Days M28Days M 90 Days
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Fig. 3 Strength comparisons
of LC3 blends @ w/c—0.45

Fig. 4 Strength comparisons
of LC3 blends @ w/c—0.475

Fig. 5 Strength comparisons
of LC3 blends @ w/c—0.5
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4 Conclusions

The possibility of reducing the clinker factor by 50 % using calcined clay and
limestone was explored in this study. The LC3 blends produced using clay con-
taining high metakaolin content gave strength performance equivalent to that of
OPC while the blends containing low quality clay gave performance equivalent to
that of PPC. It was observed that LC3 blends gave high early age strengths as
compared to both OPC and PPC. The variability in the strengths was due to the
improper calcination of clays which resulted in the addition of un-reactive clay in
the cement. It was seen that reduction of clinker factor up to 50 % is possible
without the loss of strength using limestone and calcined clay.
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