THE INDIAN CONCRETE JOURNAL

Publ

ished by ACC Limited

* July 2021 ¢ Pages 60 X 175

Volume 95 ® Number 7

=
<
-l
<
=
=
2}
<
Lu
o
o
-
o
=)
L
O
n
(]
Lu
-
=
o
o
Q
(3]
-
n
o
L.
2
a
-
o
(=}
=




,//, N\ NN \ //, \ /, LR R LAY ) ; f 7 / ;\\\ 4/ g &
\ A /,,/////, /,HM ,c,/ /, \ \ \ \ 7 ; / \\\\\\ v\ / v \ \\
sdiysuonejay Suijuawia] | STYRIFIVW ONIGTING = 313YINOD XIW AQV3Y = INIWDD

7 G

\ o/ VYPEEOT 00T

-

97

.VXm .az,nxanuuims;m.ux:a ,. ._m A ‘ ‘
] )
;\ n._\
&:nmoz;ns. .*:nwuzgns.
__9NIdoOUdYILYM | _onidoouddalvm

180D W) »  EGEETEIEES)

Hao/g¥ea] Cy Bl & y70/gye31 ¢y

[ -

ANIW3J 3ONVI Id HOIH
‘ S v

3417 ONQ1
3dH

JIV

dIMGd B < [ INDHLS VAN
VHSHYVHNS , | J EI31IUINGD

VIANI DN

NV MiN V DNIA1INS



THE INDIAN CONCRETE JOURNAL
Volume 95 ® Number 7 © July 2021 ® Pages 60

ISSN (Digital): 0019-4565

EDITORIAL BOARD

Editor-in-Chief

Prof. Dr Vasant Matsagar
Indian Institute of Technology (IIT) Delhi, India

Associate Editors

Prof. Dr Manu Santhanam
Indian Institute of Technology (IIT) Madras, India

Prof. Dr Valdir Pignatta e Silva
University of Sao Paulo, Brazil

Prof. Dr-Ing Akanshu Sharma
University of Stuttgart, Germany /
Purdue University, USA

Mr Sunil Bhatt
Head — Customer Service, ACC, India

Editorial Board Members

Mr Christophe Levy
Scientific Director, LafargeHolcim
Innovation Center Lyon, France

Dr Subramanian Narayanan
Consulting Engineer, Gaithersburg, USA

Dr David Lange
University of Queensland, Australia

Dr Saverio Spadea
University of Dundee, UK

Prof. Dr Ghani Razagpur
McMaster University, Canada /
Nankai University, China

Prof. Dr Abass Braimah
Vice Chancellor (VC),
Tamale Technical University, Ghana

Prof. Dr Esayas Gebre-Youhannes
Addis Ababa Institute of Technology (AAIT),
Addis Ababa University, Ethiopia

Prof. Dr S. Suriya Prakash
Indian Institute of Technology (IIT)
Hyderabad, India

Production Editor
Ms Priti Saldanha

Founded in 1927

Cover
14Trees, a LafargeHolcim joint
venture with CDC Group, the

cJ -

Published by ACC Limited, L. B. Shastri Road,

Near Teen Haath Naka, Thane (West) 400 604.
Maharashtra, INDIA.

The contents of this journal are contributions of
individual authors, and reflect their independent
opinions, findings, conclusions and recommendations,
and do not necessarily imply that they reflect the
views of the Publisher, ACC Limited. The Publishers

are not liable for any damage or inconvenience

UK's publicly owned impact
investor, is deploying

3D printing technology at
scale to build affordable and
low-carbon housing and
schools in Africa, starting in
Malawi. Cover image is the
first application of 3D printing
technology at scale for schools
in Africa, starting in Malawi

Coverimage source:

14Trees / Homeline Media

caused to anyone who may have acted on the

information contained in the publication.

Thisisa SCO p u S&indexed journal.

04

EDITORIAL

PART | : FEATURES

05

NEWS and EVENTS

PART Il : TECHNICAL PAPERS

07
14
23
31
41
56

Development of natural based foaming agent for the potential use
in foam concrete

Selija Khwairakpam, Indu Siva Ranjani Gandhi

Roller compacted concrete used in pavement
S. Kar, S. K. Deb, B. Bhattacharjee

An experimental investigation on the mechanical properties of glass
fibre reinforced geopolymer concrete

Kallempudi Murali, T. Meena

An experimental study on bio-composites by the methods of
bacterial immersion and injection

Girish S., Soumya T., Ananya Girish

Studies on P-M interaction curves for uniaxial bending of high
strength concrete rectangular sections

P.S. Rao, M. N. Shariff, N. Harsha

Bimodular damage-elastoplasticity constitutive model for concrete
R. Raveendra Babu, Arbind K. Singh, Gurmail S. Benipal

The Indian Concrete Journal, ISSN 0019-4565 Copyright © 2020 ACC Limited. All copyright in all materials published in The Indian Concrete Journal are owned by ACC Limited. None of this material
may be used for any commercial or public use, other than for the purpose of fair dealing, research or private study, or review of the contents of the journal, in part or in whole, and may not be reproduced

or stored in any media for mass circulation without the prior written consent of the publisher. The information and views expressed in articles published in The Indian Concrete Journal (ICJ) are those of the
authors and the publisher takes no responsibility regarding the same. Readers are advised to themselves verify the details.

CIRCULATION OFFICE: The Indian Concrete Journal, ACC Limited. L. B. Shastri Road, Near Teen Haath Naka, Next to Eternity Mall, Thane (West) 400 604, Maharashtra, INDIA.
Website: http:/ /www.icjonline.com; e-mail: info@icjonline.com, editor@icjonline.com



EDITORIAL

Dear Readers,

The Indian Concrete Journal (ICJ) is pleased to issue this current
edition to all readers. With the growing demands of improving
sustainability in concrete construction, the development of
new innovative materials and design procedures are essential.
Concrete being the widely used material, innovations in
concrete technology for sustainable development in the

21 century should focus on today’s challenges, emphasising
environmental consciousness. In the current issue of the ICJ,
six papers have been published covering both the material
and structural aspects. This issue has interesting articles of high
standards. They deal with novel developments in concrete
technology and improved analysis approaches for developing
sustainable and resilient infrastructure.

The first article in this issue explores the feasibility of using
locally available sesame seeds (SS) as an alternative to synthetic
foaming agents for foamed concrete production. The authors
note that using such eco-friendly and abundantly available
sesame seeds as a foaming agent can facilitate the wider use
of foamed concrete. Also, the foam generated at the chosen
surfactant production parameters can result in foam concrete
with acceptable properties per ASTM standards.

The second article explores the use of fly ash in Roller
Compacted Concrete (RCC) for pavement applications. The
authors have explored the possibility of achieving higher
strength in the Indian scenario. However, they noted that fly
ash does uniformly not affect flexural strength. RCC pavement
made with fly ash is economical than conventional concrete
pavement. Furthermore, they noted that the RCC pavement
could reduce CO, emissions significantly than conventional

concrete pavement.

The third article focuses on an experimental study of the
mechanical properties of fly ash (FA) and ground granular blast
furnace slag (GGBFS) based on geo-polymer concrete (GPC)
using glass fibres. They have observed fascinating results. The
authors have explored mechanical properties like compressive
strength, split tensile strength and flexural strength for different
FA and GGBFS. They noted that though the increase of GGBFS
content improves the strength, its workability decreased despite
the addition of superplasticizer.
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The fourth article shows a novel approach that micro-organisms
like bacteria can be used to self-healing cracks in concrete.
Bacteria they have explored generally of Bacillus species. The
effectiveness of healer bacteria depends on the crack location.
The effectiveness of healing depends on crack is located on the
horizontal concrete surfaces like in slabs and floors or vertical as
in columns and walls.

The fifth article focuses on developing specific design
parameters for high-strength concretes between M65 and
M110. The authors have developed expressions necessary for
evaluating the P-M interaction curves using concrete stress
block parameters given in IRC: 112 (2019) for high strength
concretes. With the prevalent use of high strength concrete in
building construction, the results of this study help compare
the limitations of our code provisions. A comparative study

of sectional capacities of rectangular RC sections using

the different stress-block properties recommended in the
design standards considered reveals that use of existing
recommendations of IS: 456 (2000) for concrete of grades
between Mé65 to M90 leads to an over-estimation of capacities
with mean deviations ranging from 5 to 28%.

In the sixth and last article of this issue, the authors have
proposed a new analytical bimodular elastic damage model for
concrete. Salient aspects of the predicted mechanical behavior
of concrete are discussed. They have restricted the scope of the
new model in identifying the nonlinearity of damaged concrete.
They have shown that Isotropically-damaged bimodular concrete
belongs to the class of homogeneous mechanical systems.

We thank all the authors and reviewers for contributing to this
issue. The ICJ is well-read by practicing engineers and decision-
makers in the concrete industry, especially in India. Such a
knowledgeable and wide readership (outside the academia
and research community) can play a huge role in implementing
the latest technologies in construction. We are glad to issue
this edition of the ICJ dealing with innovative technologies that
could help realise our infrastructure resilience objective. The
topics covered in this edition are of great significance and will
be helpful for concrete material and structural engineers to
make a more sustainable society.

Thank you.

Prof. S. Suriya Prakash,
Editorial Board Member
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RILEM UPDATE

The International Union of Laboratories and Experts in Construction Materials,

NiEm Systems and Structures

New RILEM State-of-the-Art Report

Reinforcement of existing timber elements and structures, state-of-the-art report of the RILEM e f
Technical Committee 245-RTE; edited by Jorge Branco, Philipp Dietsch, Thomas Tannert. You can Ii;"(-):-a[;y;:t.rt'lctlve.'
purchase the hardcopy or e-book on the Springer website bit.ly/33HG8sG. RILEM members are In Situ Strength
entitled to enjoy a 20% discount when they purchase all Springer e-books, including RILEM STARs. Assessment

of Concrete

Practical Application of the RILEM TC
249-1SC Recommendations

An unedited electronic version of this STAR is also available on bit.ly/3filwLS.

Online PhD courses at the 75 RILEM Annual Week

Five online PhD courses will take place during the two weeks prior the s,
RILEM

75~ RILEM WEEK 2021

AND INTERNATIONAL CONFERENCE ON ADVANCES

3 courses (the cost per course will be 50 USD for PhD students and (e SERIVAZ RSN AR DR (oMt 1A Lo s R cTuRe S

75" RILEM Annual Week. If you are a PhD student or a post-doc, you
can register up to a maximum of 4 courses and also attend the full
conference event for 190 USD. It is also possible to register up to

post-docs, 120 USD for industry professionals), without having to register
for the conference. You can check course programs, schedules and Mérida,Yucatan, México.

teachers here: http://rilemweek2021.uanl.mx/phd-courses/.

2020 Outstanding M&S papers now Open Access

The 2020 outstanding papers published on the flagship journal of
. 2020 RILEM Materials and Structures are now OPEN ACCESS and available
Materlals Omtﬂn‘ﬁ"lﬁ to be downloaded here: bit.ly/316Xm2n. These papers cover all

and Structures P“P“)) are fields of RILEM activities and exemplify the highest standards in our
now OPEN

ACCESS scientific community.

Matériaux
et Constructions

ROC&TOK webinars o
Have you missed the last RILEM ROC&TOK webinars? You can watch
them all FOR FREE on our YouTube Channel here: bit.ly/3qweacj. ROC&TOK

e May webinar: Rheo-physics and shaping of fresh cement-based Webinar series
materials — Dr Nicolas Roussel, Navier Laboratory, Gustave Eiffel

How to communicate and teach

subjects related to the activities of
FI Em . RILEM and its technical

committees.

University, France.

e June webinar: Alkali-Silica reaction: research needs and the link to
practice. Prof. Jason H. Ideker, Oregon State University, USA.

e July webinar: Digital concrete: dream or reality? New green or ecological monster? Prof. Robert J. Flatt, Institute of
Building Materials, ETH Zurich, Switzerland.
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DEVELOPMENT OF NATURAL
BASED FOAMING AGENT FOR
THE POTENTIAL USE IN

FOAM CONCRETE

Abstract

The feasibility of the use of locally available sesame seeds (SS)
as an alternate to synthetic foaming agents for foamed concrete
production has been assessed in this study. The use of such eco-
friendly and abundantly available material as foaming agent can
facilitate wider use of foamed concrete. The various parameters
involved in the extraction of surfactant from SS, such as SS
concentration, duration of heating, heating temperature, sodium
hydroxide concentration (alkali for hydrolysis), ammonium
chloride concentration (for neutralization) and sodium fluoride
concentration (antiseptic) are considered in the present study.
Also, the foam generated at the chosen surfactant production
parameters is observed to result in foam concrete with
acceptable properties as per ASTM standards.

Keywords: Density, Foam concrete, Hydrolysis, Natural
surfactant, Sesame seed, Temperature.

1. INTRODUCTION

Foam concrete (FC), also regarded as lightweight concrete,

is a cement paste or mortar with entrapped air voids by a
suitable foaming agent!". The quality of FC products largely
depends on the stability and dispersion of foam used in the
manufacture. The quality of foam mainly relies on the type

of surfactant used since it affects the surface tension and
interfacial properties of liquid-gas. Therefore, the selection

of surfactant has a substantial impact on concrete properties.
Surfactants are classified into two based upon the sources, viz.,
(i) synthetic and (i) natural surfactant. The continuous search
for an alternate material for replacing the synthetic materials
with an environmental friendly material has led to exploring
more towards the potential natural foaming agent. A variety

of biological sources are being identified these days for the
development of naturally occurring foaming components

and surface-active proteins with captivating structures and
functions . It is critical to comprehend the primary function

of proteins in foams as it helps to decrease the tension in the
interface, increase the viscous and elastic properties of the liquid

SELIJA KHWAIRAKPAM,
INDU SIVA RANJANI GANDHI*

phase, and also facilitates the formation of strong films around
the air bubble in foam.

Generally, the natural-based surfactant can be derived from
animal or vegetable sources, and most of the earlier literature
had reported the use of animal protein in foam concrete 41,
Some examples of a commonly used source of animal protein
are keratin, hoof and horn meal, cattle hooves, fish scales,
casein, blood, bones of cows, pigs, and residues of animal
carcassesll. It has been reported that many plant species are
found abundantly in India, which are either rich in protein or
saponin with potential foaming ability. Plant such as leguminous
plants- lentils, beans, and soya, has also been reported to
have an abundant amount of protein content®. The quality of
protein-stabilized foams relies on the ingredient structure and
the circumstances in the final product?.

Comparative studies on the type of surfactant have established
that the use of a protein-based surfactant has many advantages
over synthetic based surfactants in terms of improvement of the
microstructure of concrete, sustainability, and cost reduction 1.
Despite the advantages, the complications involved in the
manufacturing process of natural surfactants have limited its
wider use. Hence there is an essential need for identifying locally
available natural foaming agents to facilitate more extensive use
of FC in India. Furthermore, there is an arduous requirement for
more studies on the foam, which is more essential to attain the
desired properties of FC. Hence, the objective of the present
study is to identify a potential source of natural surfactant and
to optimize the method of preparation of surfactant from the
source based on foam performance. Furthermore, assessments
are made to find its suitability for using it in the production of
FC.

Based on the review of literature, it is identified that sesame
(Sesamum indicum L.) has a protein content of 20-25% " and
hence has an excellent potential foamability. Further, India is
one of the world’s largest producer of Sesame Seeds (SS) "
with 18.8% of the total world contribution. It is reported that
the seeds are commonly used for oil extraction and the flour
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that remains after oil extraction also has higher protein content.
Sesame seeds, as it is rich in protein content and available
abundantly, has been chosen for the production of surfactant

in this study. Based on the review it is identified that there are
different stages involved in the preparation of protein-surfactant
such as pre-treatment, hydrolysis, neutralization, treatment with
preservative, homogenization and stabilization % Also, it is to
be noted that to date, the use of sesame seed surfactant in foam
concrete production has not been reported in earlier studies.

Further it is to be noted that one of the major deterrents to

the structural application of foam concrete is the high drying
shrinkage. Shrinkage being cement paste related phenomenon,
the shrinkage strain of foamed concrete which is basically

a mortar is significantly greater than that of normal weight
concrete. Based on the review, there are limited studies found
on shrinkage mitigation of foam concrete through use of water
reducing admixtures ¥, mineral admixtures and fibres!">17.
Similarly, the durability related performance has also been
evaluated in few studies which includes behaviour of foam
concrete in sulphate environment!'¥, sorption characteristics of
foam concrete ', studies on frost resistance and carbonation 29,
However still there is need for full-scale long-term studies in the
above-mentioned areas to increase the structural applications of
foam concrete.

2. MATERIALS AND METHODOLOGY OF
PRODUCTION OF SESAME SURFACTANT

For the present study, the locally available SS (Figure 1a) are
collected and subjected to pre-treatment which involves the
physical processes such as grinding and boiling to facilitate
easy hydrolysis?". After the pre-treatment processes, the
hydrolysis of SS is carried out using sodium hydroxide (NaOH)
solution. Then the next step is to do neutralization as the pH of
solutions plays a significant role in stabilization and the foaming

THE INDIAN CONCRETE JOURNAL | JULY 2021

intensity of the protein foam . In this context, few studies had
established that as the dissociation degree of ionized groups of
protein is dependent on the pH of the solution and hence it is
not recommendable to choose a highly acidic or basic solution.
Furthermore, it was reported in the earlier studies that a pH
range from 8.5 to 9.5 were recommended for protein based on
legumes pea plant®. Hence for the present study, the required
pH level of the solution is fixed as 8+0.5 based on preliminary
studies, which confirms good foamability. Neutralization is done
with the help of ammonium chloride (NH,CI) until the pH level is
reduced to 8+0.5. Since the protein surfactants are susceptible
to degradation by the bacteria and microorganisms, it is highly
recommended to carry out the treatment with preservatives.
Sodium fluoride (NaF) has been chosen as a preservative for
the present study. Further, from the review of literature, it is
identified that few researchers had used ferrous sulfate as

a stabilizer to enhance the stability of foam produced from
leguminous plant surfactant!®. However, such stabilization is not
adopted for the present study as it is found from preliminary
studies that ferrous sulfate is not compatible with the sesame
foaming solution. Hence, in the present study, the parameters
considered with respect to the method of preparation of
surfactant are SS concentration, duration of heating, heating
temperature, NaOH concentration (alkali for hydrolysis),

NH,Cl concentration (neutralization) and NaF concentration
(antiseptic). Since many parameters are involved in the
experimental programme, in order to simplify the experimental
programme, as a first step in the preliminary studies, the SS
concentration and NaF concentration are kept constant at 10%
and 0.1%, respectively. The analysis of the above-mentioned
surfactant extraction parameters is carried out based on the
performance of foam evaluated through the measurement of
initial foam density (IFD). The list of parameters and the range
of parameters adopted for the present study are presented in
Table 1.

(b)
Figure 1: (a) Sesame seed (b) Sesame seed surfactant (c) Foam produced with sesame seed surfactant




Table 1: Parameters considered for the production
of protein-based surfactant

PARAMETER LEVELS OF PARAMETERS

SS concentration 10%
Heating duration 4 to 8 hours
Heating temperature 50-100°C
NaOH concentration (alkali for hydrolysis) 6-25%
NH,Cl concentration (neutralization) 6-25%
NaF concentration (antiseptic) 0.1%

3. METHOD OF FOAM AND FOAM
CONCRETE PRODUCTION

The production of foam is done by aerating the produced
sesame surfactant solution (Figure 1b) by means of a high-speed
stirrer based on the mechanical method. An electronic stirrer
capable of varying frequency from 2800 to 3600 rpm is used for
thorough mixing of the surfactant solution. It is reported in the
literature that the mixing speed is a significant parameter which
controls the nature of produced foam with a stirrer?. Thus, as
an initial step, the assessment is made on the basis of the impact
of the rotation speed of the stirrer on IFD. Subsequent to fixing
the rotational speed of stirrer, as a next step, the evaluation of
different surfactant production parameters is carried out based
on single-factor experiments.

The preparation of FC consists of first preparation of
homogeneous base mix of cement and sand slurry of w/c ratio
of 0.58 and then addition of preformed foam made from SS
surfactant to the base mix. The mixing is done till the foam is
uniformly blended into the slurry.

4. RESULTS AND DISCUSSIONS

4.1 Effect of the rotational speed of the stirrer

By varying the stirrer mixing speed from 2800 to 3600 rpm,

its influence on IFD is studied, as represented in Figure 2. To
eliminate the influence of the variability of other parameters
on initial foam density, the parameters such as the SS
concentration, heating temperature, heating duration, and
NaOH concentration are fixed as 10%, 60°C, 6 hours, and 10%,
respectively. It is observed from experimental studies that with
the increase in stirrer speed, there is a substantial reduction in
IFD. For instance, a 67.80% reduction in IFD is observed when
the speed of the stirrer is increased to 3600 rpm. This reduction
in foam density is due to the improvement in the foam quality
as a result of a decrease in the amount of liquid fraction. This
is in agreement with the findings of earlier researchers who
have proved that the higher speed of stirrer is needed for the

300 SS concentration - 10%
Heating temperature- 60°C
Heating duration- 6 hrs.
250 A NaOH concentration - 10%
£ NaF concentration - 0.1%
2
2 200 -
2
9]
el
§ 150 1
NS
©
£ 00 A T~
\.
50 T T T T T

2800 3000 3200 3400 3600
Rotational speed (rpm)

Figure 2: Effect of the rotational speed of the stirrer on IFD

production of good quality of foam with more amount of air and
smaller bubble size . Hence, it is evident that the maximum
speed of stirrer is needed for thorough mixing of liquid and air
for good quality foam production with a comparatively lesser
IFD. Thus, recommended speed for the stirrer used in the
present study is 3600 rpm, and this speed will be adopted for all
the further experimental studies with sesame surfactant.

4.2 Effect of heating temperature and heating
duration

As the process of hydrolysis of protein is very much dependent
on the heating temperature and duration, it is necessary to
optimize the heating process based on the performance of

the foam. Preliminary trials indicate that the surfactant solution
prepared at a temperature of less than 50°C does not result

in sufficient foam production. Further, most of the literature
had reported an upper limit of the temperature of less than
100°C for studies on hydrolysis. Hence for the present study, in
order to analyse the influence of temperature of heating, the
range of temperature is fixed at 50 to 100°C, and the duration
of heating and SS concentration are fixed as 6 hours and 10%,
respectively. It is evident from the experimental results that by
increasing the heating temperature of the surfactant solution,
the foam quality is improved significantly in terms of reduction
in foam density (Figure 3). This can be attributed that the degree
of hydrolysis increases with the temperature of heating. For
example, a significant decline of about 63% in IFD is achieved
for an increase in heating temperature from 50 to 70°C as shown
in Figure 3. However, heating beyond 70°C does not further
improve in the quality of foam in terms of the reduction of

IFD. Hence it can be concluded that for heating duration of 6
hours, 70°C is the optimal temperature required for the sesame
surfactant solution extraction that can yield better foam quality
with the comparatively less liquid fraction.
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Figure 3: Effect of heating temperature of surfactant preparation
solution on IFD

Having optimized the heating temperature as 70°C for 6 hours
of heating duration, in the subsequent step, the influence on
changing the heating duration of surfactant preparation solution
on IFD is studied, as shown in Figure 4. From the preliminary
studies, it is observed that the surfactant solution prepared

by heating for a duration of less than 4 hours exhibits poor
foamability. Hence for the present study, the range of duration
of heating is varied from 4 to 8 hours. From Figure 4, it can be
observed that at a constant temperature of 70°C, as the duration
of heating is increased from 4 to é hours, a substantial reduction
of 187% in IFD is observed. This improvement in the foam
quality can be ascribed to the improvement in the degree of
hydrolysis of protein achieved due to an increase in the duration
of heating. However, a further increase in heating duration
beyond 6 hours results in an increase in IFD. Hence, in line with
observations of earlier studies, there is an optimum level of
hydrolysis for the protein for maximum foamability .. On the
basis of the experimental observations, it can be inferred that

at 70°C, the optimum duration required to achieve foam with
the comparatively lesser liquid fraction is 6 hours, and it must
be noted that the duration of heating needed will vary with the
temperature of heating?4.

4.3 Effect of NaOH concentration

It is reported in earlier studies that hydrolyzed proteins have a
much higher foaming capacity than the proteins themselves,
and furthermore, the foaming properties depend on the degree
of hydrolysis . Hence the addition of alkali such as NaOH can
promote the degree of hydrolysis by breaking down complex
protein into the simpler element. For the present study, the
optimum concentration of NaOH needed for hydrolysis is
determined through studies on IFD, as shown in Figure 5. In
order to eliminate the influence of other parameters on IFD,

SS concentration, heating temperature, and heating duration
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Figure 4: Effect of heating duration of surfactant preparation
solution on IFD

are fixed as 10%, 70°C, and 6 hours, respectively. Experimental
studies show that an increase in NaOH concentration from 5 to
15% results in a substantial reduction of 66% in IFD, which can
be ascribed to the improved quality of foam achieved through
hydrolysis of protein-surfactant. At the dosage of 15% NaOH
concentration, the amount of NH,Cl needed for neutralization
to bring the pH level to 8+0.5 is 25%. Furthermore, it is inferred
from the graph that the adoption of NaOH concentration
beyond 15% results in an increase in IFD. The reason for the
reduction in quality of foam (increase in the liquid fraction of
foam) beyond 15% NaOH concentration is due to the increase
in demand for NH,Cl solution for neutralization. Few researchers
have reported in earlier studies that usage of a higher dosage of
NH,Cl solution can reduce the viscosity of a surfactant solution,
which in turn can affect the quality of foam. Hence for the
present study, the optimum dosage of NaOH is recommended
as 15%, considering the amount of neutralization also required
as one of the criteria for good foamability.

240 SS concentration - 10%
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Figure 5: Effect of NaOH concentration on IFD




4.4 Check for suitability of SS foam in foam
concrete

With the completion of the process of evaluation of parameters
involved in the production of surfactant and foam, as a next
step, the potential of foam produced for use in production of
FC is required to be verified. A constant cement-sand ratio (river
sand passing through 300 microns) of 1:2 by weight is used for
preparing FC with three different target densities, as tabulated
in Table 2. The volume of foam required for producing FC with
particular target densities is determined from the guidelines

of ASTM C 79624, FC is produced by mixing the preformed
foam made from sesame surfactant adopting selected
surfactant extraction parameters viz., SS concentration-10%,
heating temperature- 70°C, heating duration - 6 hours, NaF
concentration- 0.1%, NaOH concentration-15% for hydrolysis
and NH,CI -25% for neutralization and cement-sand mortar with
w/c ratio of 0.58.

The stability of test mixes is evaluated by relating the actual
(Act) and estimated (Est) quantities of foam needed to achieve
fresh density within £50 kg/m?of the target (Figure 6). The foam
stability is found to be satisfactory for foam concrete production
as the actual-estimated foam ratio is found to be one indicating
that an additional amount of foam is not needed to compensate
for foam that had collapsed. Also, the actual plastic density of
concrete for all design densities is found to be within +50 kg/m?
of target density, satisfying the requirements of ASTM C869 !
(Table 2). Hence the derived values of surfactant production
parameters are satisfactory to produce a stable FC mix.

Further, water absorption test was conducted as per ASTM C
64228 with 6 number of 50 mm size cubes after water curing for
28 days and then test for compressive strength was conducted
as per ASTM C4952% with another 6 no. of 50 mm size cubes.

It is seen from the experiment outcomes that density is a direct
function of compressive strength and decreases significantly

Table 2: Experimental results of FC

PROPERTIES OF FC

Target density (kg/m?) 1000 1500
Fresh density (kg/m?3) 967 1521
Dry density (kg/m3) 840 1350
Water-solids ratio 0.58 0.58
Compressive strength (MPa) 3.8 12.2
Water absorption (% by weight) 15 16
Actual/Estimated foam ratio 1 1

with decrease in density. Many researchers had also reported
that the strength of foam concrete is primarily a function of
entrained air voids. Also, it is observed from Table 2 that the
foam concrete produced meets the requirements of strength
and water absorption as prescribed in IS: 1077 8% and IS: 218581
for brick masonry and concrete masonry units. Hence it can be
recommended as an alternative for brick and concrete masonry
units for different applications because of its unique attributes
such as lighter weight, higher construction productivity, better
thermal, and sound insulation.

Based on cost analysis, it is observed that the cost of sesame
seed surfactant production at the optimized foam production
parameters for one cubic meter of FC production (target
density 1500 kg/m?3), amounts to X 540. However, the cost can be
further reduced through use of compressed air method of foam
production which can result in production of drier foam (with
lesser liquid fraction) which will eventually result in reduction

in requirement of amount of foam needed for foam concrete
production. Further the amount of chemicals needed for sesame
seed surfactant extraction is likely to be reduced if the foam
generator (based on compressed air method) is adopted for
foam production. Hence the sesame seed surfactant can be

a sustainable material when compared to the costlier synthetic
foaming agents for the application of foam concrete.

(b)
Figure 6: (a) Stability test of foam concrete (b) Water curing of prepared foam concrete mix
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5. CONCLUSIONS

Sesame seed surfactant is found to be a promising sustainable
alternative to synthetic surfactants for the application of

foam concrete. As there are different stages involved in the
preparation of sesame surfactant which is protein-based, the
following parameters such as SS concentration, duration of
heating, heating temperature, NaOH concentration (alkali

for hydrolysis), NH,Cl concentration (neutralization) and NaF
concentration (antiseptic) are identified to be significant in

the preparation of sesame surfactant. Among the various
parameters studied, the heating process of a surfactant solution
is found to influence the IFD significantly as it affects the degree
of hydrolysis of proteins. From the experimental outcome, it

is noted that the rise in temperature of the surfactant solution
results in substantial improvement in foam quality through a
reduction in IFD. Further, at a heating temperature of 70°C,

the optimum duration of heating needed to produce foam

with comparatively lesser liquid fraction is found to be 6 hours.
Adding to the above, the addition of alkali, such as NaOH can
promote the degree of hydrolysis and eventually improve the
performance of foam through the reduction of IFD. However,

it is to be noted that the addition of a higher dosage of NaOH
demands a more significant amount of NH,Cl for neutralization,
which in turn can reduce the viscosity of surfactant solution and
thereby affects foam quality. Hence the alkali concentration
needed for hydrolysis needs to be also optimized from the point
of neutralization required, and for the present study it is fixed as
15%.

The foam produced from a sesame surfactant solution with a
stirrer with the selected surfactant production parameters is
observed to result in adequately stable FC mixes satisfying the
requirements of ASTM C 869?71 As the water absorption and
compressive strength of produced foam concrete mixes are
satisfactory, and hence it can be recommended as an alternative
for bricks and concrete masonry units for different applications.

6. SCOPE OF FUTURE WORK

As the results of the preliminary studies on suitability of sesame
seed surfactant for use in foam concrete production are found to
be encouraging, further studies on improvement of foam quality
with compressed air method of foam production need to be
carried out. Further long-term studies on dimensional stability
and durability of foam concrete are necessitated to enhance the
structural applications of foam concrete.
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ROLLER COMPACTED CONCRETE

USED IN PAVEMENT

Abstract

The use of fly ash in roller compacted concrete (RCC) is an
avenue for fly ash utilization. This study focuses on investigating
the possibility of achieving higher strength, investigating the

use of fly ash in RCC, and economic analysis of RCC in the
Indian scenario. In this study, cementitious material contents are
varied from 15% to 25%, and fly ash contents are used as the
replacement of cement in a proportion of 25% and 30%. It is
found that the compressive strength of RCC increases with the
increase of cementitious material content and fly ash content
within the limits of investigations. It is also found that the flexural
strength of RCC increases with the increase of cementitious
material content. But, the fly ash does not affect flexural strength
uniformly.

Keywords: Soil compaction approach, power chart curve,
optimum moisture content, vebe consistency, zero-slump
concrete.

1. INTRODUCTION

Roller compacted concrete (RCC) has been drawing attention
worldwide. RCC is a zero-slump concrete. For constructing the
pavement, RCC is placed by an asphalt paver and compacted
by a vibrating roller!2. Higher volumes of fine and coarse
aggregates are usually used in RCC mix (75% to 80%) than

in conventional concrete mix (65% to 75%). Use of less water
content and dry mixing reduces the shrinkage and bleed water
in RCC compared to conventional concrete B4. Due to the

well grading of aggregate and compaction using a vibratory
roller, RCC causes less permeability, leads to high strength, and
provides excellent durability. However, salt scaling is a common
problem with RCC. This may appear due to saline solution such
as de-icing salt. Pozzolana and air entraining agent can be used
in RCC to deal with this issue .. However, the effect of de-icing
salt is not an issue in tropical countries like India. RCC sample
has low abrasion resistance at an early age, whereas it increases
significantly at later age. Fly ash can increase abrasion resistance
of RCC¥. Further, modulus of elasticity of RCC is generally
similar or higher compared to the normal concrete with the
same amount of cement .,

The mix proportioning of roller compacted concrete should
be such that it has sufficient paste to coat the aggregates and
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fill the voids of the compacted mix. The aggregate plays a
dominant role in the concrete. Fine and coarse aggregate is
proportioned to produce a well graded combined aggregate.
To produce well graded aggregate, 0.45 power chart curve

is used®l. 0.45 power chart has been widely used to develop
uniform gradations for cement concrete mixture design. Past
studies revealed that the mixture incorporating the 0.45 power
chart gradations gave the highest strength when compared to
other power charts and the control concrete”l. Power chart curve
is obtained by the following equation:

p= (%)0.45 [1]

where, d represents a given particle size, D represents the
maximum aggregate size, and P represents the percent of the
aggregate that is finer than d.

Soil compaction approach may be used for mix proportion

of RCC as specified in ACI 211.3RE. This approach involves
establishing a relationship between the dry density and moisture
content of the RCC. Optimum moisture content is determined
using the procedure described in ASTM D155719, Consistency
of RCC is measured by Vebe time in a modified Vebe
consistometer conforming to ASTM C11701". Cylindrical mold
of RCC is cast under a surcharge weight of 9 kg for compressive
strength test as described in ASTM C11761'2. Beam shaped
mold of RCC is cast under a surcharge pressure of 5.1 kPa for
flexural strength test!'3.

The materials for the roller compacted concrete are mixed

in a pug mill or rotary drum mixer such that it can produce

a homogeneous mixture. RCC is placed in the paver and

is compacted with the vibratory roller without any delay 4.
Typically, RCC is compacted within one hour of mixing the
concrete at the plant to achieve the maximum density of
96%-98%. Curing is an extremely important factor in the ultimate
strength and durability of RCC. Because RCC has no bleed
water, evaporation immediately begins removing water from the
paste, which can lead to shrinkage cracking and micro-cracks.
This will result in surface deterioration. Therefore, to prevent
evaporation of mix water, effective curing treatments for RCC
must be applied as soon as possible after final compaction. To
prevent roller compacted concrete pavement from drying, the
surface is kept moist for a minimum period of 3 to 10 days ">,
RCC is particularly appropriate for pavements at industrial
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facilities such as intermodal shipping yards, port, and container
terminals because construction cost of RCC pavement is low.
RCC is also used in bulk material storage, truck parks, low
volume urban and rural roads, composite slabs, and pre-casting
yards.

No formwork and no conventional finishing are required for
RCC pavement construction. Such type of pavement needs no
dowels or reinforcing steel. So, RCC pavement is an economical
choice compared to conventional rigid pavement. Incorporating
fly ash into RCC can further reduce the cost and enhance the
performance. Fly ash is used as the replacement of cement
because of its pozzolanic nature. The inclusion of fly ash
increases the total binder contents that make the RCC easier

to compact. Moreover, its inclusion also potentially reduces the
heat of hydration. Cao et al. (2000) studied the influence of fly
ash on early age and later age compressive strength of RCC.
They identified that compressive strength decreased at 3 days
curing with the increase of fly ash addition up to 45%, while, at
28 days age compressive strength exhibited an increase with the
increase in fly ash content up to 45%. However, with the further
increase in fly ash content, the trend reversed exhibiting the
decrease in strength with the increase of fly ash content up to
95% 171 Mardani-Aghabaglou and Ramyar (2013) investigated on
mechanical properties of high volume fly ash roller compacted
concrete. The researchers replaced a part of aggregates by

fly ash and found that increasing the fly ash content increased
the strength of RCC mixture at all ages. On the other hand,
when cement was replaced by 20%, 40%, and 60% of fly ash,

the researchers identified that compressive strength, as well

as flexural strength, reduced with increased fly ash content

up to even 180 days!'®. The results obtained from the above
two studies contradict each other. Hence, the influence of fly
ash on the mechanical properties of RCC is still unclear. Thus,
more study is required to identify the influence of fly ash on the
compressive and flexural strength of RCC.

Several past studies were conducted on RCC using waste
aggregate, silica fume, granulated blast furnace slag, natural
pozzolans such as khash pozzolan and pars pumice pozzolan,
chemical admixture ['3 1922, However, characteristic of RCC using
fly ash has been less addressed experimentally in literature.

Two such studies described earlier, where fly ash was used,
contradict each other and failed to provide a clear conclusion
on the effect of fly ash on the mechanical properties of RCC!7181,
Over 112 million tons of fly ash are being generated annually in
thermal power plants in India®!. The use of fly ash in RCC gives
an avenue for fly ash utilization. Moreover, the compressive
strength of RCC using fly ash has been achieved up to

20-25 MPa in the past??. So, the objective of this research is to
investigate the possibility for achieving the compressive strength
of RCC up to 35-40 MPa using the ingredients available around
the Delhi region, also to investigate the use of fly ash content up

to 30%-35% by mass of cementitious material, to determine the
flexural strength, and also look into the resulting economy.

By investigating the possibility of achieving the higher strength
of RCC to use it in pavement and identifying the influence of
fly ash on compressive and flexural strength of RCC, this study
bridges an important gap in the existing knowledge. Further,
this study illustrates that the fly ash incorporated RCC can be
effectively used in pavement and making it economical as well
as reducing carbon footprints.

2. RCC MIX PROPORTIONING

Mix proportioning of RCC specimens was carried out in soil
compaction approach. The mix proportioning steps of RCC are
as follows:

In step 1, coarse and fine aggregate were combined to produce
a well graded curve. In step 2, cementitious materials content
was selected for trial mixes for modified Proctor compaction
test. The moisture content and dry density of the RCC mixes
were determined using the combined aggregate and the
selected cementitious materials content conducting the
compaction test in accordance with ASTM D1557 in step 3.
Four samples were prepared with varying added water content
and used for compaction test. Water content was varied by
increasing 1% of the total solid in each successive batch. In step
4, dry density versus respective moisture content was plotted
to determine the optimum moisture content for maximum

dry density as described in ASTM D1557. Finally, in step 5, the
absolute volumes and masses of the materials per unit volume
of concrete were calculated using the optimum moisture
content, the selected cementitious materials content, and well
graded aggregate proportions. An entrapped air content of
2.0% was assumed in the mix proportion.

3. EXPERIMENTAL PROGRAMME

The Vebe consistometer, available in the lab, conforms to EN
12350-3 which has no surcharge load. So, the apparatus was
fabricated to satisfy the criteria for measuring consistency as
mentioned in ASTM C1170. The apparatus was also fabricated
to meet the requirement as per ASTM C1176 for preparing

a cylindrical mold (150 mm diameter and 300 mm height) for
compressive strength test. To cast the beam shaped mold
(100 mm x 100 mm x 500 mm) for flexural strength test, a
surcharge load was fabricated that generated a required
pressure of 5.1 kPa. Figure 1 shows the fabrication of the
apparatus.

Cement used for the study was ordinary Portland cement (OPC)
of 43 grade with a specific gravity of 3.14. 20 mm and 10 mm
nominal sizes of coarse aggregate (CA) with a specific gravity
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Figure 1: Fabrication of apparatus (a) set up for Vebe consistency measurement (b) set up for cylindrical mold preparation for compressive strength test
(c) set up for beam shaped mold preparation for flexural strength test

of 2.93 were used for the study. Locally available sand with a
specific gravity of 2.62 was used for the experiment. Fly ash (FA)
having 2.2 specific gravity was used in the study and brought

from the Badarpur thermal power plant in India.

Sieve analysis was carried out for 20 mm and 10 mm coarse
aggregate, and sand. After sieve analysis, it was found that
available sand was complying with the grading zone II. Data
obtained from sieve analysis was analyzed to get the combined
gradation of aggregates. Percentage of aggregates was
varied so that the combined gradation curve matches with

the 0.45 power chart curve. Power chart curve results in the
well graded aggregate so, it was attempted to match the
combined gradation curve with the power chart curve by
changing the aggregate proportions in different trials. After
several trials, the final proportion of aggregates were obtained
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as 19% 20 mm CA, 30% 10 mm CA, and 51% sand. The resulted
combined gradation curve matched with the power chart curve
which ensured the dense grading of aggregates as shown in
Figure 2(a). This aggregate proportion was used in the concrete
mix proportions. The resulted gradation curve was also verified
with the ACI recommended gradation limit by plotting a graph
as shown in Figure 2(b). From Figure 2(b), it can be observed
that the combined aggregate gradation is almost within the ACI
recommended limit. Only at the lower portion of the curves just
lies below the ACI lower limit curve which could be incorporated
by adding high volume fly ash to the mix proportions.

Three levels of cementitious materials were used as 15%, 20%,
and 25%. Two combination of cementitious material were taken:
(i) 75% OPC + 25% FA, and (i) 70% OPC + 30% FA. Four samples
with water content 5, 6, 7, and 8% were used for each mix
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Figure 2: Combined aggregate gradation curve (a) Comparison of combined aggregate gradation curve with power chart curve (b) Comparison of
combined aggregate gradation with ACI limits.
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Table 1: Optimum water content and maximum dry density of different mix proportions

MIXTURE DESCRIPTION OPTIMUM WATER CONTENT MAXIMUM DRY DENSITY
DESIGNATION (% OF TOTAL SOLID) (kg/cu-m)

CM15FA25 15% CM (.75 OPC + .25 FA) 6.2 2500
CM15FA30 15% CM (.70 OPC + .30 FA) 5.7 2460
CM20FA25 20% CM (.75 OPC + .25 FA) 6.4 2548
CM20FA30 20% CM (.70 OPC + .30 FA) 6.95 2516
CM25FA25 25% CM (.75 OPC + .25 FA) 5.7 2346
CM25FA30 25% CM (.70 OPC + .30 FA) 6.8 2508

Table 2: Material quantities per unit volume of concrete

MIXTURE DESCRIPTION CEMENTITIOUS WATER W/(C+F) SAND AGGREGATE
DESIGNATION MATERIALS (kg/cum) (kg/cu-m) (kg/cu-m)
(kg/cu-m)
Ctomcr [ omme
CM15FA25 15% CM (.75 OPC + .25 FA) 227 75 144 0.47 1028 383 605
CM15FA30 15% CM (.70 OPC + .30 FA) 214 92 133 0.43 1039 387 611
CM20FA25 20% CM (.75 OPC + .25 FA) 289 96 148 0.38 982 366 577
CM20FA30 20% CM (.70 OPC + .30 FA) 261 112 156 0.41 990 355 560
CM25FA25 25% CM (.75 OPC + .25 FA) 352 118 134 0.28 959 357 564
CM25FA30 25% CM (.70 OPC + .30 FA) 315 135 153 0.33 955 342 540
proportion. A compaction curve was plotted between water 4. RESULTS AND ANALYSIS

content and dry unit weight to determine the optimum water .
4.1. Compressive strength and flexural

content. The water content was used in the final mix proportion ; . .
strength of different mix proportions

of RCC as given in Table 1. The material quantities of different
RCC mixes were calculated as given in Table 2. Cylindrical RCC specimens of 150 mm diameter and 300 mm
length were tested for compressive strength in the compression

Vebe consistency was required to be more than 20 seconds to testing machine after 3, 7, 28 days, curing in submerged

meet the criteria for zero-slump concrete in procedure A or B as condition under water. Cementitious material contents and fly
per ASTM C1170. Measured Vebe consistency and Vebe density ash contents were varied to observe their effect on strength. The
are provided in Table 3. Vebe consistencies of the mixes were beam shaped RCC specimens were tested for flexural strength

more than 20 seconds that confirmed the zero slump of RCC. by third-point loading system as per ASTM C78 after 28 days

Table 3: Measured Vebe consistency and Vebe density of different mix proportions

MIXTURE DESCRIPTION VEBE DENSITY VEBE CONSISTENCY (s) COMMENT
DESIGNATION (kg/cu-m)

CM15FA25 15% CM (.75 OPC + .25 FA) 2438.3 Zero slump
CM15FA30 15% CM (.70 OPC + .30 FA) 2499.12 23 Zero slump
CM20FA25 20% CM (.75 OPC + .25 FA) 2525.65 28 Zero slump
CM20FA30 20% CM (.70 OPC + .30 FA) 2580.95 39 Zero slump
CM25FA25 25% CM (.75 OPC + .25 FA) 2493.59 45 Zero slump
CM25FA30 25% CM (.70 OPC + .30 FA) 2527.87 40 Zero slump
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Table 4: Results of compressive strength test and flexural strength

CYLINDER COMPRESSIVE STRENGTH (MPa) FLEXURAL STRENGTH

DEZ:éLi?FON DESCRIPTION 28 DAYS (MPa) IN 28 DAYS
CM15FA25 15% CM (.75 OPC + .25 FA) 10.177 13.97 24.79 5.1
CM15FA30 15% CM (.70 OPC + .30 FA) 5.82 9.44 27.14 5.22
CM20FA25 20% CM (.75 OPC + .25 FA) 10.409 12.49 26.09 5.69
CM20FA30 20% CM (.70 OPC + .30 FA) 6.94 11.66 29.99 4.6
CM25FA25 25% CM (.75 OPC + .25 FA) 6.66 12.76 29.16 5.8
CM25FA30 25% CM (.70 OPC + .30 FA) 5.82 13.88 35.27 6

curing?l. Results of the compressive strength test and flexural
strength test are provided in Table 4. For compressive strength
test as well as flexural strength test, six mix proportions were
used in this study namely CM15FA25, CM15FA30, CM20FAZ25,
CM20FA30, CM25FA25, and CM25FA30, as shown in Table 2.
Three cylindrical specimens were tested for compressive
strength for every 3, 7, and 28 days for each mix proportion
which resulted in the testing of nine cylindrical specimens for
each proportion. Besides, three beam shaped specimens were
tested for 28 days flexural strength for each mix proportion.

The 28 days strength results are represented in Figure 3 to see
the effect of variation in cementitious material content and the
effect of fly ash content in RCC. Error bars are also shown in this
figure. The maximum variation was within £5% from the mean.

Figure 3 shows that the increase in the percentage of
cementitious material content increases the 28 days cylinder
compressive strength. Figure 3 also shows that compressive
strength increases as the percentage of fly ash content
increases. Maximum compressive strength among the six mix
proportions used in this study was 35.27 MPa as 28 days cylinder
compressive strength.

40 -

W 25% FA
W 30% FA

35

30 A

25 A

20 A

15 4

10

28 days cylinder compressive strength (MPa)

15 20 25
% Cementitious material

Figure 3: Effect of cementitious material content on compressive strength
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The reaction of fly ash with Ca(OH), also known as the
pozzolanic reaction that results in the production of more
hydrated gel which is responsible for the strength of concrete.
The depletion of lime begins only after 10 - 14 days indicating
initiation of the pozzolanic reaction. Refer to Table 1; it can

be seen that optimum moisture content does not vary in a
systematic and significant manner with cementitious material
content. Neither does it vary significantly with change in fly ash
content. However, it can be seen that densities are more or less
similar, implying similar plastic density and hence similar initial
porosity. As hydration progress, the pozzolanic reaction takes
place and leads to the formation of denser microstructure of
the hydrated cementitious phase resulting in improved strength
compared to 3 and 7 days. It may be mentioned here that the
maximum percentage of fly ash was 30% which is below the limit
prescribed in IS: 456 (2000) for structural concrete. Hence it is
likely that most of the silica and alumina system can react with
lime liberated from cement in the long run without leaving any
unreacted active pozzolana. Therefore, the inclusion of fly ash
lowers the early age compressive strength of RCC, whereas it
increases the long-term strength. Hence the results obtained
from this study are also theoretically justified.
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Figure 4: Cylinder compressive strength vs. % cementitious material




77 strength of RCC in the Indian scenario. Results from the flexural
W 25% FA strength are represented in Figure 5 to see the effect of different
= ¢ W 30% FA : :
o ° mix proportions.
=
< > Figure 5 shows that flexural strength of RCC increases with the
o
& 44 increase in cementitious material content. Figure 5 also shows
® that use of fly ash does not affect the flexural strength uniformly.
©
= 4.2. Economic analysis and sustainability
= 90
3 assessment of the RCC pavement
[eo]
N
1 4 . . . . .
Economic analysis was carried out considering the CM20FA30
o | RCC mix having cylinder compressive strength of 29.99 MPa
15 20 25 and flexural strength of 4.6 MPa at 28 days curing. The cost of
% Cementitious material RCC pavement was compared with the cost of conventional
Figure 5: Effect of cementitious material content on flexural strength concrete pavement of M25A20 mix which was used in Subansiri
Lower Hydro Electric project located on Subansiri river, which
The results are also plotted to get the curve in between cylinder is on the border of Arunachal Pradesh and Assam. In the cost
compressive strength and cementitious material content. The comparison, the cost of materials, plant and equipment, and
curve shown in Figure 4 could be used to suggest the required labor were included based on the rates imposed by Arunachal
cementitious material content for any specific compressive Pradesh Public Works Department?”, as shown in Table 5.

Table 5: Cost of RCC pavement for mixture CM20FA30 and of conventional concrete pavement for mixture
M25A20

ITEM UNIT QUANTITY RATE (Rs) AMOUNT [Rs]
CONVENTIONAL CONVENTIONAL
CONCRETE CONCRETE

(A) Material
OPC kg/cu'm 261 320 10231/tonne 2670 3274
Fly ash kg/cu'm 112 0 1200/tonne 134 0
Sand kg/cu-m 990 860 260/tonne 257 224
Aggregate (20 mm, 10 mm) kg/cu'm 915 1025 699/tonne 640 716
16 mm diameter tie bars kg/cu-m 0 1.1 67600/tonne 0 75
32 mm diameter dowel bars kg/cu'm 0 9 67600/tonne 0 608
(B) Plant and equipment
Front end loader 1 cu'm bucket capacity hour 0.013 0 1580/hour 21 0
Cement concrete batch mix plant @ 75 cu-m/hour hour 0.013 0.013 5336/hour 69 69
Paver @ 75 cu'm/hour hour 0.013 0 3683/hour 48 0
Vibrator day 0 0.07 370/day 0 26
Vibratory roller 8-10 tonne capacity hour 0.018 0 829/hour 15 0
(C) Labor
Unskilled labor day 0.05 0.23 350/day 18 81
Skilled labor day 0.01 0.35 500/day 5 175
Total 3877 5248
Water charges @1% 39 52
Total 3916 5301
Add 15% contractor’s profit and overhead 587 795
Total cost for 1 cu'm of compacted volume of concrete pavement 4503 6096
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Table 6: CO, emission from construction RCC pavement and conventional concrete pavement

UNIT QUANTITY €0, kg/kg OF €0, EMISSION (kg/cu-m)

MATERIALS

MATERIALS
RCC CONVENTIONAL CONVENTIONAL
CONCRETE CONCRETE

OPC kg/cu'm 261 320 0.825 215.3 264.0
Fly ash kg/cu'm 112 0 0.019 2.1 0.0
Sand kg/cu'm 990 860 0.0026 2.6 2.2
Aggregate (20 mm, 10 mm) kg/cu'm 915 1025 0.0075 6.9 7.7
Production of fresh concrete kg/cu'm 2278 2205 0.0077 17.5 17.0
Total CO, emission from the construction of 1 cu-m of concrete pavement 244.4 290.9

However, the transportation cost of concrete was not included
because it depends on the distance from the batch mix plant
to the location of pavement. In RCC pavement, fewer joints are
sawed that are spaced farther apart (4.6 to 9.1 m transversely)
and the load is transferred through aggregate interlock
provided by dense graded aggregates *4. So, RCC pavement
does not require any dowels bar and tie bars. Table 5 shows
that cost of RCC pavement is lesser by 35% than conventional
concrete pavement. Thus, RCC pavement is economical than
conventional concrete pavement.

Furthermore, the use of fly ash in RCC pavement would help
in reducing the burden on landfills as well as reducing the CO,
emissions. Table 6 shows that RCC pavement resulted in a
reduction of CO, emission by 19% than conventional concrete
pavement. The comparison of CO, emissions included the
CO, emissions from the production of fresh concrete and raw
materials such as cement, fly ash, sand, and aggregates, as
obtained from 28, However, the CO, emissions from material
transportation were not accounted for in this comparison.

The economic analysis and sustainability assessment reveal
that pavement made by RCC incorporated with fly ash would
not only lower the cost of pavement but would also lead to
environmental benefits such as disposal of fly ash and reduction
in carbon footprints. The findings of this study would enhance
the awareness amongst academicians and practitioners on

the potential utilization of RCC incorporated with fly ash in
pavement construction.

5. CONCLUSIONS

This study reveals that the fly ash content up to 30% and
cementitious material content up to 25% can be effectively
used in RCC to enhance the long-term strength. It has been
demonstrated to this study that it is possible to produce RCC
with incorporating fly ash up to cylinder compressive strength of
35.27 MPa (equivalent cube compressive strength of 44.08 MPa)
and flexural strength up to 6 MPa at 28 days curing using
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soil compaction approach. An economic analysis has been
made which shows that RCC pavement is economical than
conventional concrete pavement. Furthermore, the comparison
of CO, emissions shows that RCC pavement can reduce CO,
emissions significantly than conventional concrete pavement.
Thus, the fly ash incorporated RCC can be effectively used in
pavement construction and making it economical as well as

reducing carbon footprints.

In the future study, abrasion resistance of RCC could be
investigated, test on durability properties of RCC might be
carried out, and thermal behavior and shrinkage of RCC in the
tropical region could be investigated.
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AN EXPERIMENTAL INVESTIGATION
ON THE MECHANICAL PROPERTIES
OF GLASS FIBRE REINFORCED

GEOPOLYMER CONCRETE

Abstract

This article focuses on an experimental study of the mechanical
properties of fly ash (FA) and ground granular blast furnace slag
(GGBFS) based geo polymer concrete (GPC) using glass fibres.
In this study, an 8-molarity concentration of NaOH with

an alkaline liquid ratio of 2.5 was used. Mechanical properties
like compressive strength, split Tensile strength and flexural
strength of GPC20, GPC40 and GPC&0 grades of concrete with
FA and GGBFS have been found out. Five different volume
fractions, viz., 0.1, 0.2, 0.3, 0.4 and 0.5% of 13 mm length glass
fibres were considered in this study. The parameters considered
in this research work were different proportions of fly ash

and GGBFS, i.e., 70:30, 60:40 and 50:50, at ambient curing
conditions. Based on the test results, it is observed that gradual
addition of glass fibres improved both split tensile strength

and flexural strength of fibre-based geopolymer concrete. The
optimum dosage of glass fibre was found tobe 0.3% by volume
of concrete.

Keywords: Fly ash, Glass fibre reinforced geo polymer concrete,
Ground granular blast furnace slag.

1. INTRODUCTION

Usage of concrete is second only to water in the world B,
Conventionally, ordinary Portland cement (OPC) is being used
as the primary binding material in the making of concrete due
to adequate availability of the raw materials™. The application
of concrete in transportation, infrastructure and habitation has
greatly promoted the development of civilization, stability and
quality of life. Now-a-days, with the advent of high-performance
concrete (HPC), the durability and strength characteristics

of concrete have been improved largely®. There are many
environmental issues associated with the production of OPC;
for every ton of OPC produced, an equivalent quantity of CO,
gets released ¥ 3. Moreover, the amount of energy required for
the manufacture of OPC is next only to that for aluminium and
steel 3. In addition to that, there is an abundant availability of fly
ash and GGBFS as by-products in steel industries, which can be

KALLEMPUDI MURALI,
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put to potential use as a partial substitute for OPC in the making
of cement concrete elements 2.

Various efforts have been made by researchers to find an
alternate binder material to cement; geopolymer concrete (GPC)
is a primary solution in this direction. In order to produce GPC,
low calcium fly ash, a source material, needs to be activated by
an alkaline solution to produce polymeric Si-O-Al bonds. The
alkaline solution is the combination of sodium hydroxide (NaOH)
and sodium silicate (Na,SiO-) . This alkaline solution reacts

with SiO, and ALLO; in fly ash to form N-A-S-H gel; and calcium
in GGBS to form C-S-H gel. The curing conditions, especially
temperature significantly enhances the polymerization process .

Purdon?¥ was probably the first researcher to investigate the
alkaline-activated slags. Subsequently, many other researchers
conducted further studies on alkaline-activated slags, thereby
giving rise to an alternate to OPC, namely GPC. It was first
introduced by Joseph Devodovit based on the development
of fly ash-based geopolymer in the year 1979 to eliminate

the cement content during the manufacturing process of
concrete. Fly ash, which is obtained from the burning of coal

in thermal power plants, is a by-product. Both high-calcium
and low- calcium fly ash having high contents of SiO, and Al,O,
are suitable for GPC® 9 have suggested that geopolymer
concrete moulds cured at 65, 70 and 80°C for 24 hours showed
an enhancement of the mechanical properties and it played

a significant role in geopolymerization for fly ash-based
geopolymer.

Use of low-calcium fly ash would result in reduced strength

and the process of curing would consume longeré. In order

to mitigate this issue, GGBFS - a residue from the iron and
steel industry - can be utilised as a binding material, which

has the potential to develop high-strength geopolymer

under contiguous curing conditions. GGBFS particles have a
glassy texture which enables them easier to activate than fly
ash, whereas fly ash contains enormous amount of crystalline
phase, which stipulates a temperature range of 40°C to 85°C to
stimulate the reaction?. Due to the high content of Al,O,, SiO,
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and CaO in glassy state, GGBFS has been used as an exclusive
binding material in this research work. GGBFS possesses better
binding properties with low heat of hydration, high mechanical
properties and excellent resistance to aggressive chemicals™. In
GGBFS, the C-S-H gels formed due to the presence of CaO, has
the potential to increase the strength ?9. C-A-S-H and/or C-S-H
gels are formed during the activation of GGBFS similar to that of
OPCm,

According to Davidovits, the following 3 types of structures are
formed: poly (sialate) (-Si—-O-Al-O-), poly (sialate-siloxo) (Si—-O-

Al-O-Si-0) and poly (sialate- disiloxo) (Si-O-Al-O-Si-O-Si-O).

Polycondensation of hydrated silicate and aluminate species are
responsible for setting or hardening of geopolymer. Dissolution,
hydrolysis and condensation reactions with varying Si/Al ratios in
alkaline medium have been discussed 8.

Reactions involving dissolution and hydrolysis are:

ALO+3H,0+20H - 2(Al (OH),)” (1)
SiO,+20H™ = (SIO,(OH),)* 2
Si0,+H,0+OH" - (SIO(OH),) )

The raw aluminate materials, due to either dissolution or
hydrolysis, result in silicate (SIO(OH);)” and aluminate (AI(OH),)
species. These dissolved species reshuffle and compress among
themselves, thus forming Si-O-Si and Si-O-Al framework . This
contraction occurs either between silicate and aluminate species
or between silicate species themselves depending upon Si

concentration.

Djobo et al.”! have reported that the geopolymer system
contains C-S-H, (N, C)-A-S-C-(N)-A-S-H, N-(C)-A-S-H gels
depending on the Si, Al, Ca and Na contents, whereas (N, C)-A-
S-H is a hybrid gel with chemical composition between C-(N)-
A-S-H and N-(C)-A-S-H gels. Thus, GGBFS-based geopolymer
concrete gives improved mechanical properties than those
based on fly ash. Compared to potassium-based activator,
sodium-based activators are relatively cheaper. Alkaline solution
made with the combination of Na,SiO, and NaOH are suitable
for the preparation of GPC. Any changes in the ratios of fly ash
and GGBFS, NaOH molarity, Na,SiO3/NaOH solution ratio, type
of curing influence the mechanical properties of concrete Bl
they have further suggested that the required compressive
strength could be achieved if NaOH molarity is in between
8-12M and the ratio of Na,SiO,/NaOH solution is 2.51.24,
Curing too plays an important role in attaining the desired
strength 3. It was observed that compressive strength of fly
ash-based geopolymer specimens cured in oven was higher
than the ambient cured specimens!l. During the process of
polymerization, silicon oxide and aluminium oxide present in

fly ash react with the alkaline solution, which configures the
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cementitious material. Partial replacement of fly ash with GGBFS
was not only found to be beneficial in avoiding oven-curing
stage but also in improving the mechanical properties of GPC?4,

Fly ash-based geopolymer concrete requires oven-curing so

as to improve the mechanical properties of concrete; however,
this is not possible in practice, under in-situ conditions.
Consequently, it acts as an impediment for the up-scaling of this
material to the industrial levels, while GGBFS-based geopolymer
concrete averts the need for external energy source (oven
curing) and attains the required strength at outdoor curing
itself24,

Based on various research works in the past, it could tacitly

be understood that adding fibres to the concrete mix results

in an enhancement of its mechanical properties and controls
propagation of cracks. Choi and Yuan? have reported the effect
of addition of glass and polypropylene fibres on hardened
properties of cement concrete. Compressive and split tensile
properties of fibre-reinforced concrete at 7, 28 and 90 days
were determined. They observed that addition of glass and
polypropylene fibres improved the split tensile strength by 20-
50%.

Vijai et al.® studied the effect of inclusion of glass fibres on
fresh and hardened properties of fly ash-based geopolymer
concrete and the results indicated that with an increase of
fibres, the split and flexural strength of GPC also increases.

But the drawback is that workability decreases with increase

in the fibre content. Vijai et al.®% have reported that the glass
fibre reinforced GPC composites containing 90% of fly ash and
10% of OPC. Replacement of 10% of fly ash in OPC in GPC

mix eliminates the two limitations of GPC mix such as delay in
setting time and necessity of heat curing to gain strength. There
were 3 different volume fractions, viz., 0.01, 0.02 and 0.03% of
glass fibres in this study and the results had shown an increase
in compressive, flexural and split tensile strength of GPC with an

increase in fibre content.

1.1 Research significance

GGBFS and fly ash-based geopolymer concrete is attractive
since it is a cement-free concrete. A scholarly review of the
literature reveals that while there are many studies on GPC
based on fly ash, not much of research has been carried out on
GGBFS-based GPC. Therefore, it has been concluded that GPC
has comparable mechanical properties to that of OPC concrete,
but not much literature is available on the study of modulus

of elasticity of GPC under ambient curing. This study aims at
experimentally determining the mechanical properties namely
compressive strength, split tensile strength and flexural strength
of GPC20, GPC40 and GPC640 with fly ash and GGBFS as binders
along with glass fibre under ambient curing.




2. MATERIALS
2.1 Binder used

GGBFS procured from Toshali Cements, Vishakapatnam,
India and fly ash purchased from the Ramagundam Thermal
Power Plant of National Thermal Power Corporation (NTPC)
Limited, India, were used in this research work. The chemical
compositions of fly ash and GGBFS are shown in Table 1.
GGBFS and fly ash have the specific gravity of 2.9 and 2.17
respectively.

2.2 Aggregates

Fine aggregate used in this research is river sand having a
specific gravity of 2.62 with bulk density of 1600 kg/m? and
corresponding to Zone-ll as per IS: 38312, Crushed rock having a
specific gravity of 2.7 and sizes 10 mm and 12.5 mm combination
was used as the coarse aggregate.

2.3. Alkaline activator solution

The alkaline activator solution is a combination of sodium
hydroxide and sodium silicate ¥2. NaOH in the pellet form and
Na,SiO;in the liquid form were used. The sodium hydroxide
pellets used in the present study had 98% purity; sodium silicate
used in the liquid form had a chemical composition of 65% of
H,O, 26.5% of SiO, and 8.5% of Na,O by mass.

2.4 Preparation of alkaline solution

Initially, the required molarity of sodium hydroxide (NaOH)
pellets were dissolved in water. Depending upon the
concentration of the NaOH solution, the mass of NaOH
pellets will vary. In this research work, 8-molarity of NaOH was
employed!"”?2. The molecular weight of NaOH is 40. A total

weight of 320 grams, i.e., 8 x 40, of NaOH pellets are dissolved
in 1 litre of potable water. Then, the calculated quantity of
sodium silicate solution is added to the NaOH solution.
Na,SiO,/NaOH taken as 2.5%%. For proper mixing and to reduce

Table 1: Chemical composition of fly ash and
GGBFS

Composition  SiO, ALO; Cao Fe,0O; SO; MgO Na,0O LOI

FA 60.11 2652 41 428 037 121 02 0.2

GGBFS 3408 203 324 07 08 793 NIL NIL

the heat due to hydration, the solution was prepared one day
prior to the casting of the specimens.

2.5 Superplasticizer (SP)

High water content reduced sulphonated naphthalene based
conplast SP-430 was used, which was bought at Fosroc
Chemicals Limited, India. The dosage of superplasticizer was
used with respect to weight of the binder (fly ash and GGBFS) so
that there is an improvement in the workability of concrete 3",

3. EXPERIMENTAL PROGRAM

The objective of this experimental program is to determine
the fresh and hardened properties of fly ash and GGBFS based
geopolymer concrete under ambient curing conditions /1.
Mechanical properties of GPC20, GPC40 and GPC60 grades of
concrete were determined. The specimens were cast in cube
moulds of dimension 150 mm for determining compressive
strength and cylinders of 150 mm diameter and 300 mm height
for determining split tensile strength and modulus of elasticity

and prisms of dimension 100 x 100 x 500 mm for determining
flexural strength of concrete. Glass fibre of size 13 mm was
used!, The mix proportions for GPC20, GPC40 and GPCé40 are
illustrated in Table 2. The mix proportions were adopted from
the literature ?1.

3.1 Preparation of the geopolymer concrete
specimens

The raw materials were weighed and batched in accordance with
the mix proportions given in Table 2. First, the fine aggregate

Figure 1: Ambient curing of specimens

Figure 2: Preparation of NaOH solution
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Table 2: Mix proportions of geopolymer concrete

FLY ASH GGBFS FINE COARSE
(kg/m3) (kg/m3) AGGREGATE | AGGREGATE
(kg/m?) (kg/m?)

GPC20 252 108 774 1098.8
GPC20 252 108 774 1098.8
GPC20 252 108 774 1098.8
GPC20 252 108 774 1098.8
GPC20 252 108 774 1098.8
GPC20 252 108 774 1098.8
GPC40 270 180 760 972

GPC40 270 180 760 972

GPC40 270 180 760 972

GPC40 270 180 760 972

GPC40 270 180 760 972

GPC40 270 180 760 972

GPC60 260 260 717.6 915.2
GPC60 260 260 717.6 915.2
GPC60 260 260 717.6 915.2
GPC60 260 260 717.6 915.2
GPC60 260 260 717.6 915.2
GPC60 260 260 717.6 915.2

and coarse aggregate were mixed in an electrically- operated
rotating drum for 3 to 4 minutes; then, the binders- both fly

ash and GGBFS —followed by glass fibre, were added to this
proportion and thoroughly mixed for about 3 more minutes!'®.
Thereafter, the prepared alkaline activator was added to the
superplasticizer. The mixing was continued for 5 minutes until

a homogeneous mix was obtained. Then the workability of

the fresh concrete was measured with the help of the slump
cone. Concrete was then placed in the respective moulds, i.e.,
cubes, cylinders and prisms, in 3 layers by tamping each layer by
25 blows using the tamping rod. Then, the moulds were shifted
into the electrically-operated vibrating table for approximately
2 minutes to expel air voids. The specimens were demoulded
after one day of casting and placed in ambient curing.

3.2 Testing of geopolymer concrete specimens

According to IS: 516 (1959), compressive strength of cubes
and split tensile strength of cylinders were determined using
the compression testing machine (CTM) with a capacity of
2000 kN3, The flexural strength of prisms was determined
with the help of the flexural testing machine with a capacity of
1000 kN. The experimental setup for compressive, split and
flexural tensile tests are shown in Figure 3.
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ALKALINE
SOLUTION
(kg/m?)
198 141.42 56.57 0 4.0
198 141.42 56.57 0.1 4.0
198 141.42 56.57 0.2 4.5
198 141.42 56.57 0.3 5.0
198 141.42 56.57 0.4 5.5
286 204.28 56.57 0.5 6.0
248 177.15 70.85 0 4.0
248 177.15 70.85 0.1 4.0
248 177.15 70.85 0.2 4.5
248 177.15 70.85 0.3 5.0
248 177.15 70.85 0.4 5.5
248 177.15 70.85 0.5 6.0
286 204.28 81.72 0 4.0
286 204.28 81.72 0.1 4.0
286 204.28 81.72 0.2 4.5
286 204.28 81.72 0.3 5.0
286 204.28 81.72 0.4 55
286 204.28 81.72 0.5 6.0

Figure 3: Testing of cylinders

4. RESULTS AND DISCUSSION
4.1 Workability of GPC

The workability of different mix proportions of GPC is shown in
Table 3.

From Table 3, it is clearly observed that, for all the grades of
GPC, as the content of GGBFS is increased, there is a decrease
in the workability of the concrete mixes consistently. This might
be due to the rapid polymerization which takes place with an




Table 3: Workability of GPC Table 4 : Mechanical properties of GPC

GPC MIX PROPORTION FIBRE | SLUMP
MIX | (BINDER:FA:CA:ALKALINE SOLUTION) (%) (mm)
0

BINDER | FIBRE | COMPRESSIVE SPLIT FLEXURAL

CONTENT STRENGTH TENSILE | STRENGTH
(kg/m?3) (MPa) STRENGTH (MPa)
GPC20 1:2.15:3.05:0.55 115
(MPa)
GPC20 1:2.15:3.05:0.55 0.1 95 GPC20 360 0 271 22 23
GPC20 1:2.15:3.05:0.55 0.2 83 GPC20 360 01 275 26 26
GPC20 1:2.15:3.05:0.55 0.3 71
GPC20 360 0.2 27.4 2.8 2.9
GPC20 1:2.15:3.05:0.55 0.4 55
GPC20 360 0.3 27.8 3.1 34
GPC20 1:2.15:3.05:0.55 0.5 20
GPC20 360 0.4 27.8 3.0 2.8
GPC40 1:1.69:2.16:05 0 93
GPC20 360 0.5 27.5 3.0 2.7
GPC40 1:1.69:2.16:05 0.1 81
GPC40 1:1.69:216:0.5 0.2 65 CRCAY = g — ol el
GPC40 1:1.69:2.16:05 03 50 GPC40| 450 0.1 438 4.4 4.3
GPC40 1:1.69:2.16:05 04 35 GPC40 450 0.2 434 4.8 4.6
GPC40 1:1.69:2.16:0.5 0.5 0 GPC40 450 0.3 AL 5.3 5.5
GPC60 1:1.38:1.76:05 0 73 GPC40 450 0.4 44.7 4.5 4.7
GPC60 1:1.38:1.76:0.5 0.1 50 GPC40 450 0.5 44.9 4.3 4.5
GPC60 1:1.38:1.76:0.5 0.2 38 GPC60 520 0 62.3 5.8 6.0
GPC60 1:1.38:1.76:05 0.4 0 GPC40 520 02 63.8 6.7 6.5
GPC60 1:1.38:1.76:0.5 0.5 0 GPC60 500 03 641 79 73
increase in the content of GGBFS, which results in a decreased GPC60 520 0.4 64.6 6.3 6.7
workability inspite of adding superplasticizer. GPC60 520 0.5 64.2 6.2 6.6

4.2 Mechanical properties of GPC

A comparative visualization of compressive, split tensile and

The compressive, split¥ and flexural characteristics of the flexural strengths of the various GPC specimens with the varying
different GPC specimens were determined after 28 days of quantities of fibre content is presented in Figures 4, 5 and 6
ambient curingand the values are listed in Table 4. respectively.
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Figure 4: Compressive strength vs Fibre content Figure 5: Split tensile strength vs Fibre content
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Figure 6: Compressive Strength vs Fibre Content

From the above graphs, it is observed that with an increase in
GGBFS binder content, compressive strength also increases.
The ratio of fly ash to GGBFS used for the different grades

of GPC, namely, GPC20, GPC40 and GPCé60 are 70:30, 60:40
and 50:50 respectively. At higher binder content levels, a large
quantity of alkaline solution is available for polymerization,
which results in an increased strength. As the GGBFS content is
increased, more calcium is available for polymerization, which
results in the formation of additional C-A-S-H gel along with
N-A-S-H gel, consequently enhancing its strength.

To find the tensile strength of concrete, tests on split and
flexural strength were carried out. From the results, it is
concluded that, with an increased slag content, split and
flexural tensile strength also get increased. By the addition of
increased quantities of glass fibres to the mix, split and flexural
strength values were found to be increased whereas as not
much of a change was observed in the case of compressive
strength.

5. CONCLUSIONS

Based on the experimental work, the following conclusions are
drawn:

1. Anincrease in the percentage of GGBFS content in a
mix correspondingly increases the compressive, split and
flexural strengths, implying that GGBFS addition improves
the strength of GPC.

2. Though increase of GGBFS content improves the strength,
its workability is decreased inspite of superplasticizer
addition.

3. By the addition of glass fibre, compressive strength is
marginally increased by 2-5%, whereas the split and
flexural strength get increased by 20-30% for each grade
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of GPC. The presence of fibre and its content positively
influence both the split tensile and flexural strengths in
GPC, inhibiting crack formation as well as propagation.

4. The optimum dosage of glass fibre was found to be 0.3%
(by volume of concrete) in improving the tensile and
flexural properties of the three grades of GPC viz. GPC20,
GPC30 and GPC40.

5. The replacement of fly ash with GGBFS is found to be
more suitedto ambient curing compared to steam curing
that increases the cost.
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AN EXPERIMENTAL STUDY ON
BIO-COMPOSITES BY THE METHODS
OF BACTERIAL IMMERSION AND

INJECTION

Abstract

The recent researches have shown that micro-organisms can

be helpful material to self-repair of cracks in concrete by using
bacteria, generally of Bacillus species as a novel approach of
"Bacterial Concrete". The method of application of healer
bacteria to the cracks in concrete structures also needs a focus
on whether the location of crack is on horizontal concrete
surfaces like slabs and floors or vertical as columns and walls.
Immersion method suits horizontal concrete surfaces and the
injection method suits vertical concrete surfaces. The present
study concentrates on the effectiveness of using bacteria on
crack healing and the effective methods such as immersion
method and injection method of application of bacteria into
the concrete. The experimental study on Bacillus species under
different methods of application through compressive strength
and UPV tests reveals that Bacillus sphaericus in combination
with phosphate buffer solution suits through immersion method
for horizontal cracked surfaces and with calcium lactate through
injection method for vertical cracked surfaces is a best-suited
combination.

Key Words: Bacterial concrete, Bacterial immersion, Bacterial
injection, Crack remediation, Self-healing.

1. INTRODUCTION

Concrete being a massively used construction material world-
over bears the responsibility of being collapse resistant

and effectively serviceable during its intended lifetime.

Many researches focus mainly on concrete being collapse
resistant where the performance of the concrete structures
encompasses both its capacity to sustain the load and maintain
its serviceability without major repairs and also increment in its
durability properties!'. Concrete due to unreacted cement can
undergo autogenous healing? which fits to be a fundamental
platform for the idea of bio concrete. Among many repair
methods, self-healing concept is an ideal solution since it is

a real time sustainable repair method®. Among various self
-healing concepts and robustness described by Victor and
Emily ™ and Richard P Wool®, bio concrete proves to be a

GIRISH S.*, SOUMYA T,
ANANYA GIRISH

promising, innovative and effective approach for self-healing of
cracks in distressed condition.

The novelty of bacterial concrete research, when compared

to other repair methods, lies in the fact that majority of the
self-healing mechanism such as using healer chemicals,

mineral admixtures etc., involves materials which may not
address the multiple crack events repetitively on the same
location. Very importantly, bio concrete can address effectively
the repair issues under such conditions, repetitively, without
human intervention. The species of bacteria being aerobic and
alkaliphilic and when supplied with sufficient nutrient medium
can get activated in concrete in the presence of oxygen and
clog the cracks by generating calcium carbonate crystals besides
enhances the compressive strength of concrete. Bio concrete is
formed by blending this kind of bacteria with concrete materials
using many methods. But the basic method is by direct addition
of this alkaliphilic bacteria as an ingredient in solution form

to the concrete components which hold the responsibility

of uniformly dispersing throughout the concrete matrix and
addresses the micro cracks in any location of the structure 8.,
The bacteria so chosen are alkaliphilic and can survive in a pH
of 12 to 13. It is also observed from the research carried out by
Wictor. V that the practical application of bio engineered spray
or injection into the cracks exhibits effective healing”.

Many investigations are undertaken in the research field on
selection of specific bacteria among many and each of them
has its limitations for practical adaptability in bacterial concrete.
Choosing a beneficial bacterium is also a challenge and a
necessity.

However, Bacillus species with its long-life span, alkaliphilic
nature, calcium carbonate crystal-forming capacity and aerobic
nature is best suited for enacting as a component in bacterial
concrete for its self-healing and strength enhancement capacity.
The bacillus species which can precipitate copious amount of
calcium carbonate crystals in the presence of calcium based
nutrient medium is ideally suited as an ingredient in bacterial

concrete even in the high alkaline environment 9.
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Bacillus sphaericus which is an alkaliphilic, spore forming,
ureolytic bacteria inherent the ability to produce calcite

crystals suits in enhancement of strength and durability of
cement composites. It is a Gram-positive bacterium and

also non-pathogenic. It is a soil bacterium and can form
resistant endospore that is tolerant to high temperatures,
chemicals and can remain viable for long periods of time. Any
bacteria which come under the category of endospore forming
are resistant to unfavorable conditions. These bacteria during
tough environment instead of death they move back to a spore
state which germinates once favorable conditions reboot back.
Especially the endospores of bacillus species are liable to

years together in spore state also called deactivated state or
dormant state. It's the general micro biological feature of this
species and are already standardized. Hence bacteria Bacillus
sphaericus can be an ideal bio healer due to its effectiveness

in performance. Since cement is a prominent ingredient to
promote alkalinity to the concrete medium, this study focuses on
the incorporation of bacteria into the cement mortar medium to
check their performance under high alkaline condition which can
inline assure the performance of bacteria in concrete medium
also. With respect to practical applicability of this bio concrete
through immersion method and injection method the study

has been conducted on mortar specimens in the laboratory
condition. The real time concrete cracks in RC column of a
college building were also examined by bacterial injection
method.

2. MATERIAL CHARACTERIZATION

2.1 Characterization of Mortar Ingredients

Ordinary Portland cement (53 grade) conforming to the
requirements of Indian standard [IS: 12269 (2013)] " was used
in the study. The required quantity of cement used was from a
single source, stored in a nearly air tight container. The specific
gravity of cement was 3.15 and fineness 394 m#/kg by air blain’s
permeability test. Locally available river sand free from all
deleterious materials was used as fine aggregates taking care
to sieve through 4.75 mm sieve to remove pebbles and coarse
materials. The grading of fine aggregates conforms to Zone ||
with specific gravity 2.63 and water absorption 1.5%.

2.2 Characterization of Bacterial Source

The bacteria used are of genus bacillus species which has
potential to resist high alkalinity and the role of direct addition
of alkaliphilic bacteria in concrete medium is been described
by Senot Sangad;ji '@ in his research work. There are various
bacteria that satisfy this condition such as Bacillus flexus '3,
Bacillus pasteuriil'¥, Bacillus subtilis, Bacillus sphaericus, etc.
out of which bacillus sphaericus is applied because of its
suitability in concrete environment for strength enhancement
and self-healing ability . The requirement of bacteria to be
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thermal resistant is also been proved by the performance of
Bacillus sphaericus®. The bacterial strains of Bacillus sphaericus
procured from the Microbial Type Culture Collection and Gene
Bank (MTCC), Chandigarh are in a freeze-dried condition. The
bacterial sample is subjected to the fundamental microbial
testing and is as follows:

2.2.1 Gram Staining

Gram staining test aims at determining the gram reaction and
morphological characteristics of bacteria.

Bacterial smear was prepared and fixed, by heating it on a glass
slide. First two to three drops of crystal violet are poured on
bacterial smear and kept for 1 minute, and then it was washed
with distilled water. Next the iodine was poured on the bacterial
smear for 12 seconds and then the smear was gently washed
with distilled water. De-colorization of the smear was performed
with ethanol for 8 to 12 seconds and again it was washed with
distilled water. Safranin staining was done for 15 seconds and
washed with water. The prepared sample of bacterial smear slide
is visualized under an optical microscope to study morphology
and Gram reaction of the bacterial smear.

Gram-positive bacteria consist of thick peptidoglycan in their
cells due to which crystal violet do not decolorizes and hence
appear purple. Whereas Gram negative bacteria consist of
thin peptidoglycan and large amount of lipid content in the
cell wall due to which it appears pink. The test reveals that the
bacteria Bacillus sphaericus was found to be gram positive
and was having a rod-shaped morphology. The bacteria are
nonpathogenic.

2.2.2 Calcium Carbonate Estimation

Before the application of bacteria in to mortar mix, its calcite
precipitating ability was studied under standard conditions.

This test was conducted to determine the amount of calcium
carbonate precipitated by bacteria as it is required to quantify
the amount of calcite required to clog the cracks in the

concrete medium. The procedure involves an acid -base test
conducted, in which 4 mL of bacterial solution was injected into
the calcite precipitating media solution A (urea: 20 g/L. and
calcium chloride: 49 g/L.), in separate conical flasks and it was
incubated at 37°C in an incubator and studied for amount of
calcite precipitated at regular intervals. Standard solution was
prepared by taking accurately weighed 0.5 g of standard calcium
carbonate, taken in a 250 mL standard flask in which salt crystals
were dissolved by adding minimum quantity of dilute HCI until
effervescence ceases. The prepared solution was diluted well for
uniform concentration and was marked as solution B.12 mL of
standard CaCos, solution with 2 mL dilute HC| was titrated with
standard NaOH solution. The titration readings were tabulated.
After 2 days 12 mL of solution from incubator containing
bacteria, urea, calcium chloride was taken and 2 mL of HCl was




Table 1: Test results of kinetic studies on amount of
CaCo; precipitation

NO OF DAYS CALCIUM CARBONATE g/L

Day 2 0.61
Day 4 3.8
Day 6 4.7

added to it, to dissolve CaCo, precipitate in that solution. Then
it was titrated with standard NaOH solution and the results were
tabulated. The results were interpreted as quantity of CaCo,
precipitation which is achieved by the difference in NaOH
consumption to neutralize the solution is as shown in Table 1.

The interpretation of the above results says that at day é bacteria
is able to precipitate 4.7 grams of calcite crystals per liter.

2.2.3 Survival Test

In this concept, a trial has been made to bio-mimic the suitable
survival media of alkaliphilic bacteria in the laboratory and
tested for its survival in it['7l. This test has been conducted

since it is required to check the survival of bacteria in concrete
medium that is a high alkaline medium. To achieve this, a
predefined alkaline environment with known pH was created and
investigated. As per the concept the bacteria in high alkaline
environment liberates spores and become inactive and remain
intact for years waiting for the right environment to come back
into active state. The right environment is with the combination
of optimum pH i.e., around 7 to 9, food, water and oxygen. To
mimic this concept in laboratory two solutions were prepared:
one is a solution of sodium hydroxide having the pH same as
that of concrete around 13 and the other is a tablet solution
which is having a pH of 9.4 as it is a predefined reference
solution which is specifically used in the regular experimentation
of survival tests on microorganisms. Then the bacterium with
nutrient media is mixed in the above said two solutions into
which the bacteria is injected and kept in rotary shaker for

24 hours for uniform growth. Optical density test was conducted
using colorimeter and the absorbance was checked before and
after keeping the solution in rotary shaker as expected there was
no growth due to high pH or alkaline environment.

Then after 1 week, a solution media was prepared same as that
of subculture media, in which nutrient broth is mixed in distilled
water, which has a pH around 7 to 8 which also contains food,
water and oxygen which is the right environment for bacteria to
get activated. The composition of the nutrient broth provides
nutrients, water and also it is kept exposed to air hence provide
oxygen. All these three factors are the fundamental germinating
environment for any microorganisms, especially aerobic
bacteria. From the two solutions one is sodium hydroxide and
the other is tablet solution in which due to high pH bacteria
went to dormant state, a sample of 15 mL was taken from these

Table 2: Test results of colorimeter for survival test

_ COLORIMETER READINGS

State of bacteria Bacteria in dormant Bacteria in activation

state state
Solution Before dilution and After dilution and
absorbance absorbance
NaOH [pH-13] 0.000 0.019
Tablet [pH-9.4] 0.000 0.036

solutions and was injected into the prepared nutrient broth and
were kept in rotary shaker for 24 hours for growth and checked
for results by colorimeter for survival test which are as shown

in Table 2. Colorimeter measures the transmittance and also

the absorbance. The value obtained is in mg/L or ppm which are
calculated from measured values.

In concrete when the cracks get initiated the entry of water and
oxygen dilutes the alkalinity of the location of crack which in turn
drops the pH favoring the activation of bacterial'®. In the above
solution similar environment has been created by decreasing
the pH of range 13-9.4 to 7-8 as that required for the activation
of bacteria. The results obtained in Table 3 clearly indicate the
activation of bacteria by exhibiting 0.019 and 0.036 absorbance
for alkaline and standard solutions respectively.

2.2.4 Bacterial Growth Test

Bacterial growth was confirmed by the appearance of turbidity
overnight, and by optical density test in colorimeter. The
standard absorbance was fixed to 595 nm, then the turbidity was
checked prior and after culturing in colorimeter and there was
an increase in absorbance by that sample after culturing. The
colorimeter readings also show that the initial readings indicated
as 0.000 conforms that there was no bacterial contamination
prior to culturing.

2.2.5 Optical Density Test

Optical density is the process of transmission of light or other
electromagnetic radiation through matter. The process of
emission and absorption depends on the radiation’s wavelength,
which includes the interaction between fundamental particles
like electrons, atoms, ions etc. When a beam of light is
interacted with absorbing atoms then the absorption takes
place. It is depended on the sample’s thickness and the
concentration of the absorbing atoms. Optical density of the
bacterial solution is measured using photoelectric calorimeter.
The cell count for the entire research was maintained as 10¢/mL
throughout as it is found to give optimum results based on the
article by Ghosh and Mandal"®. The optical density test is used
to obtain the cell concentration by indirectly correlating the
optical density with cell concentrations using the below given
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formula. The Correlation equation between optical density and
concentration of cells/mL is adopted from reference article "¢,

Y = 859 X 107X1v3627

where, X = OD reading at 600 nm

Y = concentration of cells/mL

3. METHODOLOGY
3.1 Methodology of Culturing Bacteria

The bacteria Bacillus sphaericus was procured in a sealed tube
in lyophilized form. The growth media for Bacillus sphaericus
was prepared by using the composition as specified by MTCC
for preparing a nutrient broth (beef extract [1 g/I], yeast extract
[2 g/1], peptone [5 g/l], NaCl [5 g/l]). The nutrient broth media
for 2 main cultures for Bacillus sphaericus were prepared in a
standard 250 mL conical flask and are sterilized in an autoclave
at 121°C for 15 minutes. A small amount of the culture was
inoculated in the 2 sterilized nutrient broth media in UV chamber
and named as main culture 1 and 2. These samples are kept

in a rotary shaker for 24 hours overnight at 30°C for promoting
uniform distribution of fermentation of bacteria. The appearance
of turbidity overnight, confirmed bacterial growth and applied
for the experimental work.

The bacteria so chosen are Gram positive, nonpathogenic
and are available as soil bacterium which is harmless to human
health. Even beyond that care has been taken by sanitizing
hands with ethanol before and after working with any bacteria
with proper safety measures during experimentation.

3.2 Crack Remediation

Crack remediation in concrete components is a vital area in
rehabilitation of concrete structures. The traditional methods of
crack remediation pose their own limitations in providing a
long-term service to maintain durability of concrete structure.
Here an effective method of crack remediation by bacteria as a
crack healer has been investigated and can be conducted

by two methods, i.e., by immersion method and injection
method.

3.3 Crack remediation by immersion method

In immersion method the distress or artificially cracked
horizontal surface of cement mortar is submerged in bacterial
solution of 10¢ cells/mL concentration to allow complete
ingress of bio healing agent into the concrete which may be
effective in horizontal members such as slabs and floors where
ponding of bacterial healer solution is possible. The activity
of microorganisms and its precipitation is at micro level. If the
cracks are attended and clogged initially itself at micro level,
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then there will be less chances of macro cracks. In view of this
micro cracks of 0.1 to 0.2 mm are focused in the study.

3.3.1 Methodology

Standard Mortar cube specimens of size 100 x 100 x 100 mm
were cast for testing. Artificial cracks are formed by inserting
a 0.2 mm thick copper sheet while casting so that the crack
healing can be studied more precisely. Mortar cubes are
prepared by mixing 200 g of cement and 600 g of standard
sand in the proportion 1:3 by weight with water, the quantity
of water used was (p/4+3) % of combined weight of cement
and sand, P is the % of water required to produce a paste of
standard consistency and the value was 28%. The mortar was
mixed in standard manner and after thorough mixing the sample
was placed in cube and compacted. Before completely filling
the mortar in the cubes or before finishing, copper plates of
2 mm thick were inserted into the fresh mortar up to a depth
of 20 mm, which form an artificial crack by which the healing
can be monitored precisely. The specimens were demoulded
after 24 hrs and kept for curing. Artificial induced cracks in
demoulded cubes are shown in Figure 1.

After de-molding, the mortar cubes were subjected to curing

in water for 21 day, and then the specimens were kept in

freshly prepared bacterial solution for 48 hrs and 5 days in
different nutrient solutions. The first 48 hours are the complete
germination duration for bacillus sphaericus as per the standards
provided by MTCC and a trial period of 5 days’ immersion is
extra supplement of nutrients in solution form was checked for
its feasibility. And it’s a trial period.

The nutrients suitability plays a major role in deciding the
qguantum of healing by bacteria which was studied by Tziviloglou
et al.l”). The research work by Bang et al.") has quoted the
nutrients for solution A, B, C. The compositions used for the
food source are as shown in table 3. The bacterially immersed
cubes were immersed in these Nutrient solutions for a period of
5 days.

Figure 1: Artificially cracked specimen




Table 3: Composition of nutrient solutions

SOLUTION A SOLUTION B SOLUTION C

e  Sodium gluconate [109 g/I] e  Calcium chloride [50 g/I] e Mono potassium phosphate [21.75 g/l]
e  Calcium nitrate [118 g/I] e Urea[20 g/l] e Dipotassium phosphate [8.5 g/I]
. Urea [20 g/1] e  Yeast extracts [1 g/l] e  Sodium hydrogen phosphate [33.5 g/l]

e Yeastextract[1 g/l]

3.3.2 Tests on Hardened Properties

100 mm mortar cubes were cast and cured for 21 days of water
curing and 7days by bacterial immersion totally 28 days. Control
specimens were continued to cure for 28 days in water.

Compression test was conducted using universal testing
machine for the demoulded specimens. Control specimens
were also cast and cured in water for 28 days and tested for the
same parameters and results were analyzed. Ultrasonic pulse
velocity test was conducted to analyze the micro structure of
the bio-mortar by transmitting the ultrasonic pulse through it.
From the test the resistance to the transmission of pulse waves
was interpreted to be the cracks, air gaps, honey combing or
the presence of micro pores. The specimen was subjected to
curing for 28 days and was air dried. The specimens were cast
and treated under the room temperature without any control
environment to check their practical suitability. UPV reading
was taken Prior to the cracking and later after cracking and

was recorded. The bacterial concrete specimens were again
subjected to observation after healing of cracks and the results
were analyzed. The mortar specimens are so chosen for the
entire study in order to study the performance of bacteria in
high alkaline medium. The UPV results depicts the variations in
micro seconds and it is liable as the activities of microorganisms
in micro level to clog the micro cracks can be observed through
the minor variations in UPV provided the test needs to be
conducted with utmost care and sensitivity.

3.4 Crack Remediation by Injection Method

For the distress at the vertical face of the structure the
immersion method may not be suitable because of not been
able to pond the solution of healing agent on vertical cracked
surface where injection method may be a suitable solution. In
injection method the bacterial solution is injected through the
micro cracks and will be sprayed by nutrient solution at regular
interval to assure accelerated healing.

3.4.1 Methodology

The experimental program for injection was so chosen as to
include crack remediation of a micro cracked concrete column
in a college building and also for mortar cubes the cracks were
induced by applying minimum load for distress using CTM.
The micro cracked concrete column was marked and surface
of the cracked column is roughly cleaned. Simultaneously the

e Ammonium chloride [1.7 g/I]

healer bacterial solution at the concentration of 10¢ cells/mL was
prepared using colorimeter under the optical density test. The
required optical density is 0.206 for 10¢ cells/mL. In continuation
the nutrient required for bacteria Bacillus sphaericus is achieved
by using Slope Formula, y - yo=[(v1 = ¥o) / (X1 = X0)] * (x - xo).

By taking the bacterial Solution of 280 mL, concentration of

10° cells/mL was achieved by diluting the bacterial sample with
nutrient broth as shown in Table 4.

In table 4 the bacterial solution by one part[x] is diluted with
nutrient broth of one part hence the bacterial dilution ratio in
the total solution is 0.5. In next iteration the sample is diluted
further by adding 2 parts of nutrient broth and the dilution

ratio of bacteria obtained is 0.25. Similarly, by continuing the
iterations up to 16 parts of nutrient broth to one part of bacteria
it has arrived at bacterial dilution ratio of 0.03125. The bacterial
ratio required for attaining 10¢ cells/mL count is 0.0381 by optical
density test. Hence the interpolation between the nutrient broth
values [y] and the bacterial dilution ratio arrives at bacteria:
Nutrient broth = 1: 14.25, which is by adding 14.25 parts of
nutrient broth for one part of bacterial solution it is arrived at
10° cells/mL.

Calcium lactate being an additional precursor compound
accelerates the CaCo, precipitation. It is taken with the
concentration of 70 g for 1 liter solution. The required amount
of calcium lactate is added to the bacteria and the solution is
mixed uniformly.

3.4.2 Hardened Property Tests

In this method of remediation the healer injected mortar
specimen was subjected to ultrasonic pulse velocity test an
ultrasonic pulse velocity test is an in-situ, non-destructive test
to check the quality of concrete and natural rocks. In this test,

Table 4: Correlation table for dilution of nutrient
broth to achieve the required cell count of bacteria

BACTERIA NUTRIENT DILUTION OPTICAL
BROTH [yl RATIO [x] DENSITY
1 1 0.5

1 2 0.25
1 4 0.125
1 8 [yO] 0.0625 [x0]
x = 0.0381
1 16 [y1] 0.03125 [x1]
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the strength and quality of concrete is assessed by measuring
the velocity of an ultrasonic pulse passing through a concrete
structure. UPV test on bio concrete is to study the variation

in velocity of ultrasonic waves influenced by densification of
microstructure by calcite precipitation. The healing of cracks
was examined at 7, 14 and 21 days by digital microscope at

2 locations of crack. The morphology of the microstructure
after bacterial injection was studied under scanning electron
microscopy to locate the calcite precipitation. The SEM image
are procured under the magnification of 10 kX.

4. RESULTS AND DISCUSSION

4.1 Experimental Observations

Initially characteristic study of bacteria was carried out to study
its viability, i.e., whether it is in active or inactive state to process
and whether Gram positive and rod-shaped cells which so as

to indicate it has a thick cell wall which protects the bacteria in
alkaline environment in dormant state. Results have shown that
the bacterium are viable, Gram positive and has rod shaped
cells. Calcium carbonate estimation which was performed before
the application of bacteria into mortar specimens depicts the
ability of bacteria to produce calcium carbonate in controlled
environment and the results were promising by the day 6,
4.79/L of calcium carbonate was precipitated by the bacteria.
The selected bacteria Bacillus sphaericus will go to dormant
State during high alkaline environment and get activate again
at suitable environment by getting the supply of air, moisture
and less alkalinity. In this test, positive results were found as the
bacteria went in dormant state in sodium hydroxide solution
and tablet solution and got activated back when subjected in
nutrient media solutions by the survival test.

4.2 Remediation by Immersion Method

4.2.1 Compressive Strength Test

The test was conducted on bacterially treated and untreated
cubes along with control cubes. The orientation of artificial crack
is maintained to be perpendicular to the testing load. Figure 2
shows the results of compressive strength of cubes for solution
A, B and C along with bacteria from which it may be observed
that there is an increase in compressive strength in all the three
nutrient sources and a slight decrease in bacterially treated
cubes without nutrients when compared with control specimen.
This may be because of the bacteria after being deactivated
due to non-availability of nutrients for germination and calcite
precipitation. This may act as an organic mass and create a
minute weak zone which may affect the compressive strength

of mortar cube. This decrement in compressive strength may
be balanced when adopted for different grades of concrete by
immobilization of bacteria by encapsulation technique, since

it is deemed to have avoided the bacteria from creating a
possible weak zone as an organic mass after deactivation. When
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Figure 2: Graph depicting compressive strength v/s different nutrient
medium

compared for compressive strength between different nutrient
sources, cubes from Solution A and Solution C performed
better than cubes from Solution B. The increase in compression
strength when compared with control specimen is directly due
to precipitation of calcite into the micro pores of the cube. The
smaller variation in enhancing compressive strength paves the
way for need of self-encapsulation of bacteria to perform with
completely and effectively in self-healing and compressive
strength enhancement. And also, the addition of bacteria to
promote self-healing without compromising the compressive
strength is the main objective of the study.

4.3.2 UPV Test

The bacterial and nutrient source treatment results in calcium
carbonate precipitate on the surface as well as in the crack. The
UPV test conducted showed an increase in velocity in all the
bacteria with nutrient treated specimens indirectly indicating the
precipitation of calcium carbonate. The UPV test was conducted
on the 28 days’ water cured cubes, and then the cubes were
kept for bacterial treatment for 7 days along with Solution A,
Solution B and Solution C defined as A + Bacteria, B + Bacteria
and C + Bacteria. It was checked for calcite precipitation and
healing.

The performance of cubes dipped in bacteria and phosphate
buffer solutions indicate ultrasonic pulse velocity of waves

as 4304.8 m/s which is greater value compared to other food
sources as shown in Table 5. The minute variations in UPV
indicate the variations in microstructure of concrete which plays
crucial role in inhibiting micro crack propagation.

Table 5 containing zero values for A, B, C indicates that there
is no role of nutrients in enhancing the UPV and compressive
strength without the catalyzation of bacteria. Since it is
significant to highlight the crucial role of bacteria in in
performance enhancement these representations are made.




Table 5: UPV results on bio concrete specimen

SOLUTIONS VELOCITY BEFORE VELOCITY AFTER % INCREASE AVG % INCREASE

3879.12 3944.13 1.676
A + BACTERIA 3836.96 3944.13 2.793 2.395
3735.45 3836.96 2.717
4057.47 4107.47 1.232
B+ BACTERIA 4057.47 4177.51 2.958 1.718
394413 3982.13 0.963
4177.51 4304.88 3.049
C+ BACTERIA 4304.88 4440.25 3.145 2.655
4177.51 4251.51 1.771
4304.88 4304.88 0.000
BACT 3944.13 3944.13 0.000 0.000
4304.88 4304.88 0.000
4177.51 4177.51 0.000
WATER 4304.88 4304.88 0.000 1.558
3151.79 3299.07 4.673
A 3944.13 394413 0.000 0.000
3735.45 3735.45 0.000 0.000
C 4304.88 4304.88 0.000 0.000
4.3 Remediation by Injection Method 4.3.2 Healing Observation
4.3.1 Ultrasonic Pulse Velocity Test The same specimens which were tested for UPV were also

) ) examined for crack healing using digital microscope. These

The test was conducted on mortar specimens of 100 mm size . . . ) .
] o mortar specimens injected with Bacillus sphaericus and were

cast and cured for 28 days. The specimens were artificially . . . .
: ) ) examined for a period of 3 weeks at 7 days' interval for assessing

cracked by applying a low rate of compressive loading. The : . S .
o ) ) i the rate of healing of cracks. The healing observation is carried

cracks were injected with bio healer solution and kept under ) — - . .
) out using 5X magnification digital microscope and the healing
observation up to 21 days. The test set up for UPV was made ) ) o
i images after bacterial treatment are as shown in Figure 4

and experimented.

The results of the UPV test shown in the graph plotted in — Before cracking — After cracking After healing
Figure 3 convince that the mortar specimens subjected to 7

UPV test at the before cracking stage takes less time of travel Py 52.2 167

for ultrasonic pulse waves to pass through it because of the § : 44.3 4214 464 43.9
material continuity. At the after-cracking stage, it is observed L

that the time of travel has got increased due to the discontinuity 2

of material by cracks. But the significant observation noticed = 223 194

is at healing stage where the bacterial activity has promoted o 20.4 232 20 18.2
the recovery of this cracked zone and again bridges the g

discontinuity to an extent that the time of travel of Ultrasonic J; 18.9 18.4 194 20.5 20 20
pulse waves has come back to the values of before cracking 2

stage. The increasing rate of time of travel of ultrasonic pulse E ,

indicates the densified micro structure by the calcite deposition 1 2 3 4 5 6

through bacterial mediation. This clearly convinces that the role
. . . . Sample numbers
of bacteria is significant in the recovery of distress in concrete

structures. Figure 3: Crack healing observations by UPV test
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Figure 4: Healing observations at different intervals

The healing observations from Figure 4[a] show that at 7t day
the activation of bacteria and germination has taken place. In
continuity the precipitation of calcite crystals which possess

the property of adhering to the internal cracked surface. This
continuous deposition initiates the crack healing as observed by
white patches in and around the crack.

In continuity at 14 day as shown in Figure 4[b] a thin layer

of calcite crystal deposition is observed which depicts the
continuity of precipitation promoting bridging of the crack. At
215t day as shown in Figure 4[c] the healing is observed by thick
deposition of calcite in and around the cracks indicating the
complete and compact healing of cracks. Healing observed was
quicker, proving the role of catalyst activity of bacteria in bio

THE INDIAN CONCRETE JOURNAL | JULY 2021

deposition of stable calcite. Bacillus sphaericus proved better
in achieving strength and also has faster healing ability which is
indicated by fastest closure of crack injected with it.

4.3.3 Scanning Electron Microscopy

The SEM analysis of the cement mortar cubes with bacteria
Bacillus sphaericus with nutrients depicts the abundance of
calcite crystals deposition and in turn states the role of calcite
in restoring the voids and cracks in the mortar specimen. This is
evident in the scanning electron micrograph pictures as shown
in Figure 8 where the marked area highlights the stable calcite
precipitation by bacteria.




SEM HV: 10.0 kV
SEM MAG: 10.0 kx

Figure 5: SEM of specimen (Immersed in food solution and Bacillus
sphaericus bacterial solution together) after 28 days of curing and the
calcite precipitation at 28 days

5. CONCLUDING REMARKS

This study has given an idea that the bacterially induced calcite
precipitation [BICP] is effective in clogging the minor crack and
improving the internal micro structure of the mortar thereby
enhancing the strength properties.

The study on compressive strength enhancement through
experimentation on bacterial concrete by immersion method
indicates the marginal increase in compressive strength of
mortar cubes with the optimized combination of bacteria,
Bacillus sphaericus and nutrient, phosphate buffer solution. Here
the role of nutrient medium in quantum of calcite precipitation
through bacterial mediation has also been explored, which
directly influences the compressive strength and crack healing
capacity of bacteria.

The study on ultrasonic pulse velocity through the mortar
medium treated with immersion into the Bacillus sphaericus
bacteria and nutrient phosphate buffer solution clearly indicates
effective crack remediation by immersion method. The method
is simple and has practical significance especially in case of
horizontal concrete members.

Similarly, the study on ultrasonic pulse velocity and microscopic
kinetic observations clearly demonstrates the usefulness of
injection method. The injection method can be advantageously
used for vertical distressed members. Additionally, the solution
combination of bacteria with nutrient medium acts as a bio
healer spray which can be instantly applied on micro cracks of
any concrete structures especially water retaining structures for
their rejuvenation and restoration.
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STUDIES ON P-MINTERACTION
CURVES FOR UNIAXIAL BENDING
OF HIGH STRENGTH CONCRETE

RECTANGULAR SECTIONS

Abstract

High-strength concretes (of grades higher than M55) are now
commonly used in the construction of high-rise buildings,
industrial structures and long span bridges. However,

IS: 456 (2000) restricts the applicability of the concrete design
parameters given in the code only to concretes of grades up to
M55. The IRC: 112 (2019) (also its 2011 version) and EN 1992 - 1
-1:2004 + A1 : 2014 give grade-specific design parameters for
concrete grades between Mé5 and M90 or M110. Expressions
necessary for evaluating the P-M interaction curves have been
developed in this paper using concrete stress block parameters
given in IRC: 112 (2019) for high strength concretes. Results
obtained for two numerical examples using the expressions
derived have been presented. Closed form expressions
proposed by the authors for the magnitude and line of action
of the concrete compressive force, as per IRC: 112 guidelines,
when the neutral axis lies outside the cross-section should
enable the designers to develop their own design charts for
uniaxial bending of rectangular sections.

Keywords: High-strength concrete, Interaction curve, Stress
block.

1. INTRODUCTION

The inherent advantages of high-strength concrete (greater
than M55 grade) make it a preferred choice in many critical
structures such as tall buildings, industrial structures and
bridges. However, IS: 456 (2000) " states in a footnote in Table 2
that “for concretes of compressive strength greater than M55,
design parameters given in the standard may not be applicable
and the values may be obtained from specialised literature

and experimental results”. The design concrete stress-block
specified in IS: 456 (2000) 1" for design of uni-axial bending of
cross-sections is the same as that in IS: 456 (1978)@. The design
stress-block given in IS: 456 (1978) was itself adopted from

the by then available codal specifications in early 1970s 35 of
several European countries. With the formation of the European
Union the same recommendations were continued in the

. S. RAO,
M. N. SHARIFF*,
N. HARSHA

successive Eurocodes issued starting from early 1990s©8. These
recommendations contained in all these various codes were
based on extensive laboratory investigations % carried out in
1950s and é0s. It was quite well documented that these tests
were carried out on specimens made of concrete of grades
ranging between M20 and M55. This was the reason for inserting
the cautionary footnote in IS: 456 (2000) mentioned above.

In the absence of data from IS: 456 (2000), designers

preferring to use concretes of grades higher than M55 are
required to look for other sources of information. The Eurocode
EN 1992-1-1:2004 1 is one of the earliest International codes

to have explicitly specified design parameters for structural
concrete of grades between M65 and M105, while retaining

the old concrete stress-block parameters for concretes up

to Mé0 grade. The IRC: 112 (2011) 1" is the first Indian code

to have specified design parameters for concrete strengths
between M65 and M90 and its recommendations are very much
the same as those of the Eurocode. The latest revisions of the
Eurocode EN 1992-1-1: 2004 + A1 : 201418 and the IRC Code
IRC: 112 (2019) 2 retain the same recommendations as in their
earlier versions.

While the original source for the recommendations made

in all the codes mentioned above for grades of concrete up
to Mé0 could be clearly identified as® and "9, the authors
were not able to lay their hands on the original source from
which the recommendations contained in the codes for high
strength concretes were drawn. But as they have become part
of Nationally and Internationally accepted codes of practice, it
is justified to assume that these recommendations have been
made after thorough investigations on the topic.

Although the relevant specifications for high strength concretes
are available in the codes mentioned above, the authors have
not come across any literature so far giving design aids based on
these specifications in Indian codes. Therefore the authors have
taken up the task of developing a methodology for obtaining
load-moment (P-M) interaction diagrams for rectangular RC
sections using properties specified in IRC: 112 (2019) for higher
concrete strengths. The results are presented in this paper.
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For designers accustomed to using design charts presented

in SP 163 based on the old IS: 456 (1978) [also valid for

IS: 456 (2000)] specifications, it will be of considerable academic
interest to know the magnitude of difference in the load carrying
capacities of rectangular sections evaluated using the grade-
independent concrete stress block given in IS: 456 (2000) and
using the grade -dependent parameters given in IRC: 112 (2019).
Therefore, results of such a comparative study on two numerical

examples have also been presented in this paper.

2. DESIGN PROPERTIES FORHIGH STRENGTH
CONCRETES AS PER IRC: 112 (2019)

The necessary design data have been presented in the Code in
the form of a Table [refer Table 6.5 of IRC: 112 (2019)] and also in
the form of expressions which are functions of the characteristic
cube strength (f,,) of concrete. Figure 1 shows the schematic
shape of the design stress block and the expressions for the
important values are reproduced below:

0.=fy [1—(1—8—8‘;)"] forO<e <, (1a)
ngf;d for €2 = SL‘S Euz (1 b)

where, €, is the strain in concrete, €, is the strain corresponding
to attainment of peak stress, €., is the ultimate strain in concrete
(see Figure 1) and n is an empirically determined power term.
The concrete design stress f,,, indicated in Figure 1 can be
estimated as af,,/y, where a = 0.67 is the reduction factor which
accounts for the reduction in concrete strength due to sustained
load effects, size effects and also for the cube to cylinder
strength conversion, and y = 1.5 is the material safety factor.
The expressions for g, ., and n (for f,, > 60 MPa) are provided

below.

A Expression for the stress block
o, is given in Ex. 1a and 1b

fa=af/ v

»

StZ ng s[

Figure 1: A schematic representation of the design stress-strain curve of
concrete 2 with reduction factor «

THE INDIAN CONCRETE JOURNAL | JULY 2021

€ (°/40) = 2.0 + 0.085 (0.8 f,, - 50)05 2

90 0.8 /;,\*
a2 (°/00) = 2.6 + 35 (T)

- "\ 4
n=14+234 (—°° 13(')8"‘) )

Since the Expressions 2, 3 and 4 are dimension bound, empirical
relation, the value of £, in these Expressions has to be in MPa.

The design parameters for concrete with £, < 60 MPa are to

be taken as already given in the existing IS: 456 (2000). The
stress-strain curves as suggested above for HSC (60 MPa —

90 MPa), without any reduction factors are plotted in Figure

2. Increases in the strain corresponding to peak stress and a
reduction in ductility with increase in concrete strength are
clearly demonstrated for concrete grade ranging from 60 MPa to
90 MPa.

3. EXPRESSIONS NEEDED FOR EVALUATING
P-M INTERACTION CURVES FOR
RECTANGULAR SECTIONS

The expressions to evaluate the load and moment values using
IS: 456 (2000) are well known 3. On the same lines generic
expressions to evaluate the stress-block parameters for HSC
using IRC: 112 (2019) are presented here. A schematic cross-
section of a rectangular column having two layers of steel is
shown in Figure 3.

At this stage it is also to be noted that the stress-block shown

in Figure 1 for concrete compression zone is valid only for cases
where the neutral axis lies within the cross-section. For cases
where the neutral axis lies outside the section (see Figure 4),

the stresses in concrete on both sides of the cross-section are
compressive in nature. For such cases the failure strain ¢,, on the
most compressed side is less than €., and is a function of the

100 . . ; ; ; ; :
LUl
80 e .
.y
2
T 60 Y/ }
= i —— f,-60MPa
[%2]
3 —— f.-65MPa
£ 40 fu §
& —— f,-70MPa
—— f,-75MPa
20 —— f,-80MPa|
- — f,-85MPa
=== f,-90MPa
0 T T T T T T

00 05 10 15 20 25 30 35 40
Strain (/)

Figure 2: Stress-strain curves of high-strength concrete
(without any reduction factors)
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Figure 3: Cross-section of the column considered for the
evaluation of P-M expressions

d

eccentricity of the load with the failure strain reaching a value

of g, uniform over the entire cross-section for the case of load
with zero eccentricity (axial load). Furthermore there is a definite
relationship between the strain g,, on the most compressed side
and the strain ¢,, on the least compressed side at the time of
failure under eccentric loading. The stipulation in the currently
valid IS: 456 (2000) states the relationship as

= (gcuz_ 0.75 Sul) (5)

where g, is the strain at the highly compressed edge, when the
neutral axis lies outside the cross-section and g, is the strain at
the other face of the cross-section.

This recommendation is based on the experimental results
reported in the literature ” 1%, This can be shown to be
mathematically equivalent to assuming that the strain

vy _

_T_. D |- | ---------

S

D

distribution across the cross-section pivots on a point which is at
a depth 3D/7 from the most compressed side.

Similar to the relationship (Expression 5) given above, the new
recommendations given in EN 1992-1-1: 2004 + A1 : 2014 and
also IRC: 112 (2019) give a relationship between ¢,, and ¢,, at
the time of failure as the relationship that would be obtained
by assuming the resultant strain diagram across the depth D to
be pivoting about a point which is at a distance (1— %) D from
the highly compressed edge. The recommendation is shown
graphically in Figure 4.

In this connection it needs to be pointed out that for carrying
out the calculations for the cases when the neutral axis lies
outside the section, it is necessary to have an estimate of the
load and the line of action of the load represented by the
concrete stress block bounded by the mutually correlated values
of €,, and g,,. Closed form expressions for these quantities for
the parameters given in IRC: 112 (2019) are given below.

Considering the distance between the least compressed edge
and the pivot as y (see Figure 4), and using the concept of
similar triangles, we can calculate the value of y in terms of the
strain at peak stress €, and ultimate strain in concrete ¢, as:

y=D(g2) ©)

Euz

The strain in the highly compressed edge ¢,, can be now
determined as:

ew=ea (1, —D(Z) ) @)

Similarly, the strain in the least compressed edge ¢,, can be
determined as:

x,-D
en=en(1+ %) ®)
0.67 f,,
____________ Ao -
1
1 1
1 1
! ! A== x
1 1
1 1
1 1
1 1
1 1
————— iy wi -
L
1 1 X
Lo A ’
1 1 4 A -
1 1
1 1
1 1
1 1 T
. X, z
________ R - -
AN N 7/ AR
L
1 1
1 1
1 1
| 1 A
1 1

8(2 £ 2 =

u cu2

Figure 4: Stress block when neutral axis lies outside the cross-section
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The expression of the stress block when ¢, < ¢, is given in
Expression 1a.

The difference in the peak stress (0.447f,) and the concrete
stress at least compressed edge can be calculated using
Expression 9, which is the difference between Expressions 1a

and 1b.
Af=0.447f, (1~ ‘Z:) ©)

Writing €,; and ¢, in terms of x, and y using similar triangles, and
substituting in Expression 9, we get

Af=0.447f,5 (10)
where,

y n
*= (o) 1

To find the area of the stress block, we integrate the stress-strain

curve from g, to &,,
Ec2 Euz Xy
A =[ “o.de+ Oq, de| == 12
c fgul c1 fgcz c2 2 (12)

On solving and converting the strains in terms of geometrical
cross-section parameters we get the area of the stress block as,

2 (13

A= 0.447ﬁkD(1 -G+ D

In order to calculate the distance z between the centroid of the

stress block and the neutral axis, the following formula is invoked:
Axy + A,

Z=W (14)

where, A, is the area of the stress block within the cross-section
from g, to €,and 4, is the area of stress block of the remaining
cross-section from ¢, to €,

The expressions for x; and x, can be written as:

fjucf gcrede [y,
x =T () 5
wy=faltn (1o (16)

2

Substituting Expressions 15 and 16 in 14, we get

(euz+eu1)(Euz—€u1) _ (eca—e )5(€cz+(n+1)€u1)
7 = 2 CZS YT e )(+2)  Xu (17)
(euz—&u1) = —7(Ec2—&u1) Euz

n+1

The centroidal distance from the highly compressed edge is
X=X,-Z (18)

The load (P) can be calculated by applying force equilibrium by
summing up the forces in concrete and steel. The force in the
concrete can be evaluated using the expressions given above.
The effective concrete area under compression is multiplied
with the stress corresponding to the strain for the given
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eccentricity to evaluate the force in concrete. The contributions
for steel (4,, and A,;) can be evaluated from the knowledge of
corresponding strain at the location of the steel and the area of
the steel provided. The moment (M) can be calculated by taking
the moment of forces acting about the centroidal axis of the
cross-section. The procedure for setting up the full range of a P-M
interaction curve for a given section consists of, as given in several
text books and also in SP 1613, choosing a number of pairs of
mutually correlated strains €,, and €,, and evaluating the P and M
values for each chosen pair. This procedure can also be extended
to sections having reinforcement on all four sides or any other
arbitrary reinforcement arrangement.

4. NUMERICAL EXAMPLES OF P-M
INTERACTION CURVES FOR HSC
RECTANGULAR SECTIONS WITH EQUAL
REINFORCEMENT ON TWO SIDES

In order to carry out a comparative study of the sectional
capacities derived from different stress blocks, a computer
programme in MATLAB has been developed for generating
non-dimensional P-M interaction curves for rectangular sections
using the new design stress-strain curves [from IRC: 119 (2019)]
as well as the existing stress-strain curve [from IS: 456 (2000)].
The schematic dimensions of the cross-section investigated in
the numerical examples are shown in Figure 5. A material safety
factor for steel of 1.15 and modulus of elasticity (E,) of 2 x 10°
MPa has been assumed. Steel having yield strength of 500 MPa
has been considered for the analysis and it is assumed that

the steel stress remains constant (at yield stress) for all strains
beyond the yield strain.

The procedure discussed above has been used to develop
non-dimensional P-M curves for the given cross-section with two
different reinforcement percentages (with A/bD = 2% and 4%)
with three different concrete groups: HSC 1 — Mé5, 67.5 and 70;
HSC 2 - M75, 77.5 and 80; HSC 3 — M85, 87.5 and 90.

D =600 mm

—

o
. A,=4,/2
g
S o
2}
I
= Asz=As/2 .

v

d’=30mm

Figure 5: Cross-section of the column considered for the parametric study
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Figure 8: Comparison for P-M interaction curves for Group HSC-3
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Figure 10: Comparison for P-M interaction curves for Group HSC-2
(4% reinforcement)
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Figure 7: Comparison for P-M interaction curves for Group HSC-2
(2% reinforcement)
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Figure 9: Comparison for P-M interaction curves for Group HSC-1
(4% reinforcement)
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Figure 11: Comparison for P-M interaction curves for Group HSC-3
(4% reinforcement)
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Figure 12: Mean deviation for 3 HSC groups (2% reinforcement)

5. RESULTS AND DISCUSSION

The P - M interaction diagrams obtained are shown in Figures
6 to 8 for a total reinforcement percentage of 2%. Figure 6
compares the P-M curves obtained using the parameters

as given in IRC: 112 (2019) for M65 and M70 juxtaposed

with the curve obtained using the expressions for a mean
value of f,, = 67.5 N/sq. mm. The P-M relationship obtained
using the existing stress block given in IS: 456 (2000) for
fue=67.5N/sg. mm is also shown in the Figure. Similar
comparisons are shown in Figure 7 for the values of M75, M80
concretes and f,, = 77.5 N/sg mm. Figure 8 shows the results
obtained for M85, M90 and f,, = 87.5 N/sg-mm. The Figures

9 to 11 show the same results as given above but with a total
reinforcement percentage of 4%.

For quantifying the differences between any two chosen
curves, differences in moment values have been calculated
as percentages at 30 equally spaced values of P between

zero and P, .. The mean of these 30 deviations has been

termed as “mean deviation” between two chosen curves.

The values of mean deviations have been plotted in Figure 12
(total reinforcement percentage of 2%) and in Figure 13 (total
reinforcement percentage of 4%) as functions of the concrete
groups HSC 1, HSC 2 and HSC 3. The pairs of curves chosen for

comparison at a time were:

a.  P-Minteraction curves according to the properties valid for
fuo=67.5,77.5 and 87.5 N/sgq mm as per IS: 456 (2000) and
their corresponding curves evaluated as per the guidelines
of IRC: 112 (2019).

b. P-M interaction curves for M65, M75 and M85 (called as
lower bound values) compared with values for f,, = 67.5
N/sg'mm, 77.5 N/sg'mm and 87.5 N/sq mm respectively,
all as per IRC: 112 (2019) recommendations.
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Figure 13: Mean deviation for 3 HSC groups (4% reinforcement)

c. P-M interaction curves for M70, M80 and M90 (called as
upper bound values) compared with values for f,, = 67.5
N/sg-mm, 77.5 N/sg:mm and 87.5 N/sg-mm respectively,
all as per IRC: 112 (2019) recommendations.

It can be seen from the Figures 6 to 13 that use of the concrete
stress-block parameters of IS: 456 (2000) for high strength
concrete results in over-estimation of the moment capacities
of the section on an average by 7 to 28%, varying linearly from
concrete of grades Mé5 to M100.

It can also be seen that the P-M interaction curves worked out
according to the recommendation of IRC: 112 (2019) for any two
adjacent concrete grades separated by 5 N/sg-mm, the curves
for the two concrete grades are quite close to each other. When
any two such curves are replaced by a mean curve the resulting
mean deviations in moment capacities are less than + 4% for all
concrete grades and all percentage reinforcement.

6. CONCLUSIONS

Although the IS: 456 (2000) limits the applicability of the
concrete design properties given therein only to concrete
grades up to M55, the EN 1992-1-1: 2004 + A1 : 2014 and

IRC: 112 have extended their applicability up to and including
Mé60. Separate grade-specific recommendations have been
specified only from Mé5 onwards up to grades of M110 and M90
respectively. The following conclusions can be drawn from the
present study:

o A comparative study of sectional capacities of rectangular
RC sections using the different stress-block properties
recommended in the design standards considered
in the present study reveals that use of existing
recommendations of IS: 456 (2000) for concrete of grades
between M65 to M90 leads to an over-estimation of
capacities with mean deviations ranging from 5 to 28%.




The deviations at local points on the P-M curve may be
even larger. This leads to un-conservative design and
hence there is an urgent need to revise the corresponding
specifications of IS: 456 (2000) for HSC.

o The IRC: 112 (2019) specifies grade-specific design
parameters for high strength concretes for grades up to
M90 at intervals of 5 MPa for f,, whereas the EN 1992-1-1 :
2004 + A1 : 2014 specifies the values at intervals of 10 MPa
up to M110. But as concrete grades are specified in our
country at strength intervals of 5 N/sg-mm, it is better to
specify the concrete properties at strength intervals equal
to 5 N/sg'mm as already done in IRC: 112 (2019).

o When the concrete design properties are specified at
strength intervals of 5 N/sg'-mm, it is observed that the
resultant P-M diagrams of any two adjacent concrete
grades are quite close to each other. When the values of
two such adjacent curves are compared with the values of
a mean curve corresponding to a concrete strength equal
to the mean strengths represented in the two curves, the
resulting mean deviations in moment values between
the mean curve and the individual curves are within + 4
percent. Individual deviations are also of the same order.
Hence, it is for discussion whether it is desirable to present
the design concrete properties in a discrete form keeping
them common for M65 and M70, M75 and M80, M85 and
M90 and so on. This will reduce the number of design
charts to be used in design offices.

o The suggestion made at above may seem to be a
violation of the grade specific recommendation for
design properties like €,,, ., n etc. given in the closed-
form expressions as functions of concrete strength
IRC: 112 (2019) as well as in EN 1992-1-1: 2004 + A1 : 2014.
But this has already been done in IRC: 112 (2019) as well
as in EN 1992-1-1: 2004 + A1 : 2014 where the design
properties for quite a few adjacent grades of concrete
have been given to be the same in the respective design
tables in spite of having given the expressions for them as
a function of the concrete strength f,,.

o The closed-form expressions given by the authors for
determining the magnitude and line of action of the
concrete compressive force when the entire section is
under compressive stresses could be made either use
of by designers for preparing their own design charts
conforming to the recommendations of IRC: 112 (2019), by
hand calculation or using a computer.

ACKNOWLEDGEMENTS

The authors wish to acknowledge the advice received from
Prof. Devdas Menon and Prof. CVR Murty, Professors in the

Department of Civil Engineering at IIT Madras, who contributed

through technical discussions during the development of this

manuscript.

REFERENCES

(1]

[4]

[10]

[11]

[12]

[13]

IS: 456 (2000). “Indian standard code of practice for plain
and reinforced concrete for general building construction”,
Bureau of Indian Standards, New Delhi.

IS: 456 (1978). “Indian standard code of practice for plain
and reinforced concrete for general building construction”,
Bureau of Indian Standards, New Delhi.

CEB-FIP. (1970). “International Recommendations for the
Design and Construction of Concrete Structures: Vol. 1 —
Principles and Recommendations”, Comite European Du
Beton, Information Bulletin No 72.

CP 110. (1972). “Code of Practice for the Structural Use of
Concrete, British Standard”, B.S.1., London.

DIN 1045. (1972). “Concrete and Reinforced Concrete
Structures: Design and Construction”, Deutsches Institut
fur Normung E.V. (DIN).

EN 1992-1-1-1991. (1991). ” Eurocode 2 — Design of
Concrete Structures — European pre-standards”.

EN 1992. (2004). “Eurocode 2 — Design of Concrete
Structures — Part 1-1: General rules and rules for
buildings”.

EN 1992. (2013). “Eurocode 2 — Design of Concrete
Structures — Part 1-1: General rules and rules for
buildings”, EN 1992 -1-1:2004 + A1 : 2014.

Ruesch, H., Grasser, E., Rao, P. S. (1961). “Grundlagen fuer
die Bemessung bei einachsigen Spannungszustaenden im
Betonbau”, Laboratory Report (69 pages), Lehrstuhl fuer
Massivbau, Technical University Munich.

Ruesch, H., Grasser, E., Rao, P. S. (1962). “Principes

du Calcul Beton Arme suos des Etats Constraintes
Monoaxious”, Bulletin de Information No 36 (122 pages),
CEB, Paris.

IRC: 112 (2011). “"Code of practice for concrete road
bridges”, Indian Roads Congress, New Delhi.

IRC: 112 (2019). “Code of practice for concrete road
bridges”, Indian Roads Congress, New Delhi.

SP: 16 (1980). “Design aids for Reinforced Concrete to
IS: 456 (1978)", Bureau of Indian Standards, New Delhi.

THE INDIAN CONCRETE JOURNAL | JULY 2021




P. SRINIVASA RAO obtained his B.Tech. and M.Tech. Degrees in Civil Engineering from Indian
Institute of Technology (IIT) Kharagpur and Dr Ing Degree from the Technical University Munich, Germany.

He was formerly a Professor in the Department of Civil Engineering at Indian Institute of Technology (IIT)
Madras and is currently Professor Emeritus and President of the educational society at Gayatri Vidya Parishad,
Visakhapatnam. He is an FNAE and a recipient of ICI-L&T lifetime achievement award for the year 2008. His
research interests are primarily in reinforced and prestressed concrete design, tall towers and concrete shells
and folded plates. Email: spulugurta@hotmail.com

M. N. SHARIFF received his B.Tech. from Gayatri Vidya Parishad College of Engineering
(Autonomous), Visakhapatnam and Master's and PhD degree from Indian Institute of Technology (IIT) Madras.
He is currently working as a faculty in the Department of Civil Engineering at NIT Warangal. His research
interests include behaviour of reinforced concrete structures, nonlinear analysis of structures, computational
mechanics and structural evaluation. Email: mnshariff@alumni.iitm.ac.in

N. HARSHA is an undergraduate student in the Department of Civil Engineering at Indian Institute of
Technology (IIT) Madras. His research interests include analysis and design of structures and finite element
modelling. Email: harshaneduri9@gmail.com

Cite this article: Rao, P. S., Shariff, M. N., and Harsha, N. (2021). “Studies on P-M interaction curves for uniaxial bending of high
strength concrete rectangular sections”, The Indian Concrete Journal, Vol. 95, No. 7, pp. 41-48.

THE INDIAN CONCRETE JOURNAL | JULY 2021




BIMODULAR DAMAGE-

ELASTOPLASTICITY

CONSTITUTIVE MODEL

FOR CONCRETE

Abstract

The available constitutive models proposed for concrete
generally aim at investigating its nonlinear inelastic mechanical
behavior in all the aspects. Authors have recently proposed a
new analytical bimodular elastic damage model with a restricted
scope, viz., the identification of peculiar nonlinearity of damaged
concrete. Isotropically-damaged bimodular concrete has been
shown to belong to the class of homogeneous mechanical
systems. Also, a new damage potential governing damage
evolution is formulated. Authors have earlier proposed a
standard stress-based purely elasto-plastic constitutive model
based upon a new empirical unified loading function. In the
present paper, a coupled damage-elastoplasticity constitutive
model is proposed by coupling the authors’ bimodular damage
and elastoplastic constitutive models. Salient aspects of the
predicted mechanical behavior of concrete are discussed.

The contribution made by the proposed model to concrete
mechanics is critically evaluated.

Keywords: Bimodular solids, Coupled constitutive model,
Elastic damage model, Elastoplasticity model, Homogeneous

mechanical systems.

1. INTRODUCTION

Analysis of reinforced concrete structures is very complex
because of the difficulties of modelling concrete and concrete-
reinforcement interface. Upon loading, hardened plain concrete
suffers anisotropic stiffness degradation due to damage and
undergoes irreversible plastic/viscoplastic deformations before
failure/fracture under monotonic, cyclic or sustained loading.
Like other quasi-brittle cohesive-frictional solids, it exhibits
strain-softening in the post-peak response characterised by
shear localisation and size effect. Over the last few decades,
considerable research effort has been directed to construct
coupled damage-elastoplasticity constitutive models to predict
the nonlinear inelastic behavior of concrete till failure.

R. RAVEENDRA BABU,
ARBIND K. SINGH,
GURMAIL S. BENIPAL*

Most of such available constitutive models of concrete 23 are
premised upon a theory of damage mechanics and a theory

of elastoplasticity. Because of its importance, a number of
sophisticated constitutive models dealing only with elastic
damage have been proposed*'9. Scalar, vector or tensor
variables have been adopted as damage measures. Different
behavior in tension and compression has variously been
considered as being based upon sense of volumetric strain '
and uncoupling of material response in different principal stress
directions 1.

For the purpose of thermodynamic consistency and material
stability, the symmetry and the positive definitiveness of

the secant operator has been maintained by employing

energy equivalence. The observed decrease of Poisson’s

ratio with damage is also predicted by a recent proposed
model 3. Another anisotropic damage model is based upon
the uncoupling of the principal stress-inelastic strain relations!™.
Attempts have also been made to incorporate the strain rate
effects as welll'¥. Thermodynamically-consistent models are
generally required to satisfy Clausius-Duhem Ineqality ['6.17).
Continuum-theoretic nonlocal or strain gradient type models of
strain localisation and size effect define ‘characteristic length’
of the material. It is found that none of the available nonlocal
models constitutes a universal coupled damage-elastoplasticity
constitutive theory for concrete '8,

It can be observed that most of these constitutive models

are based upon sound principles of solid mechanics and
thermodynamics. However, being application-oriented, these
models are constructed by following empirical-computational
methodology. Of course, there exist no purely analytical loading
functions and initial yield and failure criteria for concrete.
Unilateral effect has been characterized as a difficult and open
research field. Even in the later investigations, there is no
agreement on the proper approach for modelling the different
behavior of damaged concrete in tension and compression.
Such continuing diversity in approaches is symptomatic of the
confusion in the basics.
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In the present paper, a coupled damage-elastoplasticity
constitutive model for concrete is proposed by coupling
authors’ damage and elastoplasticity models. The main point of
departure here is the purely analytical bimodular elastic damage
constitutive model. It is premised upon the understanding that
damaged solids resemble bimodular elastic solids. Motivated
by Green-Mkrtichian theory ¥, new constitutive equations for
isotropic bimodular solids have earlier been proposed by the
authors ™. A standard theory of hardening elastoplasticity of
concrete has earlier been constructed in stress space based

on a new empirical loading function valid for pre-peak stress
regime ?l. The proposed model is validated using relevant
available experimental data. Its most distinguishing aspects
relative to the plethora of contending existing constitutive
models are identified.

2. CONSTITUTIVE EQUATIONS FOR
BIMODULAR SOLIDS

Bimodular materials possess different moduli of elasticity in
tension and compression. Following Green and Mkrtichian %,
it is assumed here that it is the sense of the principal strain that
decides which of the two possible values of Young's moduli of
elasticity will be operative along the corresponding principal
material axis. Depending upon the sense of the three principal
strains, a material point can be in any of the four elastically-
distinct states: When all the strains are tensile (or compressive),
the material is isotropic with the elastic modulus as E, (or E,).

In contrast, when the principal strains are of mixed sense,

the material point is transversely isotropic. Such solids have
same Young's modulus of elasticity in the plane of isotropy
formed by the axes of the two principal strains of same sense.
The orientation of the third principal strain of different sense
constitutes the axis of rotation. It is well-known that conventional
transversely isotropic hyperelastic solids with fixed material
axes possess five independent elastic constants . In contrast,
the material or acoustical axes of the isotropic bimodular
transversely isotropic solids always coincide with the principal
strain/stress directions. The constitutive equations for such solids
are presented below in reference to this principal coordinate
system:

At any material point, the principal stresses o, as well as strain
energy W can be stated in terms of the principal strains ¢ as o,
=C;gand W= % C; € €. Following Green and Mkrtichian!'?, the
stresses and the strain energy are assumed to be continuous
functions of strains, even though the elastic constants
experience discontinuous change with change in the sense of
strain. For this hyperelastic material, the expressions for the
strain energy for the four elastically distinct cases are stated.

The independent material constants are identified as
A=2A,=2, i, and u,respectively. Here, A and p are Lame's
constants and the subscripts ¢ and t pertain to triaxial
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compression and tension cases respectively. The Poisson’s ratios
v, and v, are obtained from the fact that Lame's constant A does
not depend upon the bimodularity ratio (E,/E,). In contrast,

the shear moduli are different for different elastic states of the
material and depend upon bimodularity ratio. Thus, in contrast
to the conventional transversely isotropic solids, the isotropic
bimodular solid possesses only three independent elastic
constants. The values of the elastic constants C; are known in
terms of these three elastic constants for different cases.

Using the above constitutive equations stated in reference to
the principal coordinate system, the constitutive equations

are obtained below in reference to the general coordinate
systems. Let complementary energy ( be stated in terms of
the principal stresses as primary variables as Q = %D,j 0,0, The
compliance tensor D; obtained as inverse of C; pertains only to
the case when the chosen coordinate axes coincide with the
principal stress/strain axes. The expressions for compliance
tensor components D, in reference to any Cartesian coordinate
system are stated here. The expression for principal stresses o,
as function of stress invariants are as follows:

o, =I;1+j—§\/]72C059r r=123. (M
Here, 0, = cos 0; 6, = cos (9 - Z?n), 6; = cos (9+ 2?”)

Thus, like other isotropic solids, complementary energy function
can be stated in terms of stress invariants as follows:

1 2 4
_(2(11,]2,9) = gD1I12 + ﬁDzll J. + §D3]2 )

Using Green's theorem for hyperelastic solids 22, the
components of small strain tensor can be written as

e =20 _ 20 01 30 3J, a0 26
U™ 9oy 0L doy; 9], doy; 96 9oy

= aq 51']' + ar Sij + 24} Tij (3)
on _ o _ 0 _ o o, _22  _o _o0
do;; Y aey; Y gy T U 1T o 27 9, 0™ 3¢

The expressions for the required constants D,, D, and D, are
available in the cited publication . The fourth rank tangent
compliance tensor coefficients can easily be obtained as

iejkl = % “)
It can be observed that the complementary energy
function Q, strain tensor components €; and the compliance
tensor components Diejkl for such a solid are, in general,
functions of the stress tensor components. To be specific, Q, ¢;
and Dfjy; are functions positively homogeneous of order two,
one and zero respectively of the stress tensor components.
Obviously, the bimodular solids belong to the class of first order
homogeneous mechanical (FOHM) systems. For such systems,
the tangent compliance tensor Dy is known to play the role of




secant compliance tensor as well. Thus, both the incremental
and total constitutive equations, viz., d€;; = Dfjy; doy, and
deij = Dfypy doyy, are valid.

The constitutive equations proposed above for bimodular solids
resemble in form the well-known equation proposed by Rivlin for
isotropic nonlinear elastic solids. Such elastic materials including
the bimodular solids and isotropically damaged concrete are
known to exhibit stress-induced anisotropy, normal stress effects
as well as co-axiality of the principal stress axes, the principal
strain axes and the material acoustic axes®?2%.

3. UNIFIED LOADING FUNCTION

As per the current practice, the following single general
expression for the loading function has been proposed?7in
terms of first invariant I, of the stress tensor, the second invariant
J, of the deviatoric stress tensor and Lode angle 6:

_ J2 \/E I (I11)? 1=
fly Jor O = AGam+afr+ B+ O —1=0 ©)
cos30 = 2BL g =[xKcosh+(1- ) Y] C= Co(1— K)
I

The expression for the unified loading function is cast in the
normalized form by using the uniaxial compressive strength
fr of concrete so that the five empirical parameters 4, B, X, Y
and C, are valid for all grades of concrete. These constants are
determined by calibration with experimental data on concrete
undergoing both damage and plastic flow. The symbol k
denotes a hardening function of some hardening parameter.
As shown in Figure 1 for different values of Lode angle, the
evolution of the loading surfaces from initial yield to failure
surface is governed by the increasing value of the hardening
function . Its values at initial yield and failure surfaces are and
respectively. There is considerable uncertainty about the initial
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Figure 1: Unified loading surfaces

yield criterion. The following failure criterion resembling Ottosen
criterion 9 can be deduced from the loading function as a
special case (k = 1.0):

— gk Ve ph _q_
f(Il,]Z,G)—A(fC,)2+Xc059 fc’+ch’ 1=0 (6)

4. ELASTOPLASTICITY MODEL

Using the well-established classical theory of elastoplasticity
and additional assumptions of associative flow rule and work

hardening??, the following incremental constitutive equation
ep
ijkt o
rank elastoplastic compliance tensor Djj, can be determined

has been derived as de;; = D;,doy, where the fourth

from the following elastic and plastic compliance tensors:

ep _ P
Dijkl - Diejkl + Dijkl 7)

e — 2V 1o p _Z19f of
Gkt = 7 01 S T — Su 8 Dijit =7 305 90

— 9 . 9r =£ — _ G 2
h = o Hphys 50 =7 (X cos6 —Y) — =5 (1)

Here, the plastic work W, has been assumed to play the role of
the hardening parameter p which determines the instantaneous
value of ksuch thatdp = dWp = g, dfgq. The parameters H, and
hp are defined ! as follows: dk=H, dp and dp = h,dA. Also, positive
and negative increments in kimply loading and unloading
respectively, while the stress increments keeping k constant
imply neutral loading. During unloading, the material exhibits
linear elastic response. During loading and neutral loading, the
material response is elastoplastic. However, no plastic work is
done in neutral loading and so no hardening occurs.

5. BIMODULAR ELASTIC DAMAGE MODEL

5.1 Constitutive Equations for Damaged
Concrete

Upon loading, concrete suffers damage in the form of discrete
microcracks of different lengths and oriented in different
directions. Also, general stress history can inflict anisotropic
damage on the initially isotropic elastic solid. In this constitutive
model, the concrete has been assumed to suffer only isotropic
damage. The proposed phenomenological model is based
upon the continuum damage mechanics framework wherein
the discrete cracks are smeared out in the material body. The
extent of damage suffered at a material point is measured

by a single scalar damage parameter which, in turn, depends
upon the hardening function k. The w - k relation controlling
the damage evolution is mediated through another ‘uniaxial
stress’ parameter o. Within the initial loading surface, concrete
is undamaged. Depending upon the stress history, the damage
evolution occurs as for the following equations :
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0= 001757 ®)
Here, w, denotes the maximum value of the damage suffered by
concrete at failure and has been assigned a value equal to unity.

A material point undergoing damage exhibits energy dissipation
as well as stiffness degradation. However, within the current
loading surface, the existing microcracks can be in the closed

or the open state depending upon the current state of stress
applied at that point. It is worth noting that these microcracks
merely close under compression, but do not heal up. The extent
of damage suffered by a material point subjected to any load
history is measured by the maximum value of the damage
parameter reached in the past. Damaged solids exhibit lesser
stiffness under tension. However, partial stiffness recovery occurs
upon crack closure or damage deactivation under compression.
Based upon the above arguments, it is clear that an isotropically-
damaged solid is a bimodular solid possessing different values
of the moduli E, and E, of elasticity in tension and compression
respectively. Depending upon the value of the damage
parameter w, the elastic moduli E, and E,are evaluated from the
following equations?¥:

Ec=(1-a w)E E;=(1-a w)E C)

Here, E,denotes the Young’s modulus of elasticity of the
undamaged concrete. Based upon the available experimental
data, the parameters a, and a, are assigned values and
respectively 2.

5.2 Evolution of damage surface

Application of stress increments on the concrete under a stress
state on the current damage surface introduces incremental
damage. The consequent incremental enhancement of

the components of the compliance tensor results in strain
increments. Here, it has been assumed that incremental damage
suffered by concrete under stress increments does not result in
any irreversible strain increments. The elastic strain increments
as a direct effect of applied stress increments are obtained
using the current tangent compliance tensor. In view of these
facts, the incremental elastic strains caused by the applied stress
increments are obtained as below:

degj = def; + de{i]- = Dfjy; Ao + 01 dDfy (10)

Here, ijkl in this equation represents the elastic compliance
tensor as obtained in equation (4) based upon elastic moduli E,
and E, of the damaged nonlinear elastic concrete.

The component of the elastic strain increments associated
with stiffness degradation or compliance enhancement can be
quantified as follows: At any loading surface, the state of strain
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is determined by the state of stress and the extent of damage
suffered by the concrete. Thus,

ae,-j
5 dw (11)

w

ae,-j
€ij = € (o, w de;i = —doy, +
ij L]( kl» ) ij 0w kl
Here, dw measures the additional damage caused

by the applied stress increments. Using the equality
O¢ij a 00 a o0a
e dw

0Zq4 .

=——dw=——dw= P dw] , the expressions for
ij

incremental strains are obtained as

T ow d0ij 00 0w

1 0z4 Of
dej; = Dy doy + D&, doy = |DE — 5 —|dog, 12
ij ijkl“ Ykl ijkl“ Ykl ijkl g_gaaij 0w kl ( )
4 _ -10z4 of a0
Dijkl = or Zg = o Zq (11']2'9'(‘))

9f doy; do,
P ij kl

Here, Z, can be interpreted as the complimentary energy release
rate which is the energy conjugate of damage parameter w.

As Z; and fare different functions of 6, and w, the tangent
compliance tensor Dl-ejkl is asymmetric. Also, the above derivation
yields the following expression for the strain increments de;
associated with incremental damage.

d _ nd _ —_1 0Z4 Of _ —_1 af 0Zy
deu - Dukldakl - g_f 0y By dakl — |af 0w dakl 0y (13)
w ow
0Zg -1 af
del =dly =2 dAg = |57 —do; 14
ij da a0y d STC e kl ( )

This implies that the function Z, plays the role of damage
potential. Since the damage potential Z, is distinct from the

damage function f(o;, w), the equation (14) is the statement of

ijr
non-associative damage flow rulel??.

6. BIMODULAR DAMAGE-ELASTOPLASTICITY
CONSTITUTIVE MODEL

By coupling the elastoplasticity model and the elastic damage
model, a unified bimodular damage-elastoplasticity constitutive
model is proposed here. It is capable of predicting the
irreversible plastic deformations and stiffness degradation
exhibited by concrete in addition to the reversible elastic
deformations. The constitutive equations for the incremental
material behavior both within any loading surface and for
loading beyond it till failure have been developed. Within

the initial yield surface, the material is isotropic linear elastic.
For stress variations within any current loading surface, the
constitutive equations for the damaged bimodular nonlinear
elastic concrete are valid even for the present case. For loading
beyond the current loading surface, the material response
includes elastic as well as plastic strain increments. The elastic
strain increments include those caused by applied stress
increments as well as those caused by incremental stiffness
degradation. Thus, the total strain increments caused by the
applied stress increments are obtained as




dej; = defj + defj + defj = iji‘li doy; (15)

Here, Di";?,’j is the elastoplastic damage compliance tensor given
by
1 024 0f 1 9f of

d d p e
DP—pe. 4+ p& 4+ pP = e _ - 9%a 9
ijkt = Pijit T Pijkt T Pijr UKL O 30,30, 1 90y Do (16)

It must be emphasized that the compliance tensor components
D pertain to the damaged concrete. These are different

from those of the undamaged concrete used in the pure
elastoplasticity model given by the equation 7. These
coefficients Dfj; depend, apart from the state of stress and

so extent of damage, upon the sense of the principal strains.
Here, it must be emphasized that it is not the sense of the total
principal strains but of only their elastic components which
determines the relevant elasticity case. The relevant elastic
reversible component of the total strain tensor is caused directly
by applied stress increments and indirectly by compliance
enhancement associated with incremental damage caused

by the applied stress increment tensor. This is in contrast to

the bimodular elastic damage model wherein it is the total
strain tensor which determined the two elastic moduli of the
damaged concrete as well as the damage potential Z,. Thus, the
irreversible part of the incremental strain tensor is contributed
only by plastic flow as in the case of purely elastoplasticity
model. However, the incremental energy dissipation is caused
both by the incremental plastic flow and the incremental
damage evolution. Because of this fact, the plastic work W,
chosen as hardening parameter differs from that for the purely
elastoplastic model?!. For the coupled damage-elastoplasticity
model, the variation of plastic modulus H, with hardening
function is plotted in Figure 2.

The predicted response of concrete under some typical
proportional stress histories is presented. Positive principal
strains imply tensile strains. As shown in Figure 3, well-known

9,000 T
8,000
7,000
6,000
5,000 =

4,000 | i

Plastic modulus, H,

3,000 -
2,000 - -

1,000

0 |

Hardening function, k

Figure 2: Variation of plastic modulus with hardening function
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observed response of concrete in unequal biaxial compression®?”
is predicted satisfactorily. Tensile strain in the third principal
direction is predicted to dominate as the failure surface is
reached. Response under monotonic pure shear is depicted

in Figure 4. Within the initial yield surface, the state of pure
shear stress introduces equal and opposite principal strains
and the intermediate principal strain is predicted to vanish.

For shear stresses exceeding initial yield value (0.08f;), the
major and minor principal strains diverge and large tensile
strain is introduced along the third principal direction. Like
other cohesive-frictional materials, concrete is known to exhibit
dilatancy under pure shear and the same is predicted here. This
volumetric expansion is associated with the normal stress effect
exhibited by concrete stressed into inelastic range. Of course,
the failure is predicted to occur when the shear stress equals
shear strength (0.1f;).
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Figure 5: Coupled damage-elastoplastic response upon triaxial loading
and unloading

Typical predicted coupled damage-elastoplastic response
during loading, unloading and reloading in equal biaxial
compression is presented in Figure 5. This plot apparently shows
that, during unloading and reloading within the current loading
surface, the concrete behavior is linear elastic. This is because

of the chosen proportional stress-path. In fact, the damaged
concrete is a nonlinear elastic bimodular solid. However, the
strain tensor components are functions homogeneous of order
unity of the stress tensor components. This implies that concrete
behaves linearly under proportional stress variations and exhibits
its peculiar nonlinearity only under non- proportional stress
variations in the elastic region.

7. DISCUSSION

In this Paper, the authors have proposed a simple analytical
model capable of predicting the nonlinear elastic response,
stiffness degradation due to damage and plastic displacements
of concrete in the pre-peak stress regime till its failure. Only the
loading function and calibration for plastic modulus and damage
with loading contain empirical constants. It should be noted that
currently there exist in the available literature no purely analytical
proposals for loading functions.

Proenka and Pituba!" made the first attempt to model damage
deactivation in concrete as a bimodular solid and used Cone-
wise Linear Elastic Theory of bimodular solids 9. As per this
theory, the bimodular material is assumed to possess different
elastic moduli at a point depending upon the sense of the
volumetric strain at that point. As these elastic coefficients
remain constant within a particular stress regime, the bimodular
material is incapable of predicting the observed nonlinear
response for damaged concrete. In contrast, following Green-
Mkrtichian ' approach, authors proposed a new model for
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bimodular materials and employed it to simulate damage
deactivation in damaged concrete. Like the bimodular materials,
the damaged concrete also turned out to be a nonlinear elastic
solid. Here, the strains are shown to be functions homogeneous
of order unity of the stresses. The tangent and secant
compliance tensors for the damaged concrete are identical®.
As is clear from the Introduction, even the latest models have
not identified this characteristic nonlinearity of the damaged

concrete.

A new damage potential is also proposed for simulating the
damage evolution. Authors’ bimodular elastic damage model
has been identified®" as one of the three different recent
developments in damage mechanics, the others being those
due to Chaboche 2 and Krajcinovic® and is employed for
composite materials. This damage model is coupled with
standard elastoplasticity model to construct the proposed
constitutive model for concrete by these researchers.

The scope of the present paper is limited only to the isotropic
damage suffered by concrete and measured by a scalar damage
parameter. Of course, the stiffness degradation suffered by
concrete differs in tension and compression. However, the
applied stress histories are observed to introduce anisotropic
damage in concrete requiring vector or tensor damage
measures. Such an anisotropically-damaged concrete should
more appropriately be modelled as an anisotropic bimodular
material. The required anisotropic bimodular damage model
could have demanded more complex damage evolution model
as well. However, all is not lost. Of course, an anisotropically-
damaged concrete would exhibit strongly anisotropic behavior
even when all the principal strains are tensile. The present
isotropic damage model is indeed incapable of predicting
such a response. However, such a state of strain is rarely, if
ever, encountered in concrete structures. Also, the material
remains isotropic linear elastic within the initial yield surface
which, for triaxial tension, lies just inside the failure surface.

In the case of triaxial compressive states of strain, stiffness
recovery upon crack-closure renders the concrete more or less
isotropic quite easily predicted even by the present model as
well. Similarly, even the isotropically-damaged concrete more
commonly subjected to principal strains of mixed sense exhibits
stress-induced anisotropy quite similar to the one exhibited by
anisotropically-damaged concrete.

The elastic compliance tensor Dfj; for the hyperelastic damaged
concrete is symmetric. This implies the path-independence of
the elastic strains, i. e., the state of elastic strain in damaged
concrete introduced by a specified state of stress does not
depend upon the manner in which this state of stress is reached.
It also guarantees the existence of the complimentary elastic
energy function whose partial derivative with respect to any




stress component gives the corresponding strain component.
Assumption of associated flow rule ensures the symmetry of the
plastic compliance tensor Dip}kl also. Thus, the irreversible plastic
strains are bound to be stress path independent. In view of this
fact, the equivalent deformation theory of pure elastoplasticity
can be constructed from the above incremental constitutive
equations. Also, the energy dissipated due to plastic flow alone
depends only upon the current state of stress and not on stress
history.

In contrast, the tangent damage compliance tensor Dg-kl derived
here turns out to be asymmetric. Obviously, the reversible
elastic strains caused by damage evolution are determined by
the stress path followed to reach the current state of stress.
The energy dissipated during damage evolution in taking the
material from one state of stress to another during loading
does not depend only upon these two states of stress but on
the stress path followed while doing so. This component of
energy spent during loading is not recovered upon unloading
as the damage suffered by concrete does not heal up. In view
of the above discussion, there is no cause for ‘spurious energy
generation’ as predicted by some constitutive models 34,

Many constitutive models boast as being ‘thermodynamically
consistent’ apart from claiming capability for predicting
accurately the observed material response "7 According to
the contending approach, the thermodynamical consistency

is not the intrinsic requirement for constitutive modelling®..

In continuum mechanics, the existence of path-independent
energy function is presumed only in hyperelastic or Green-
elastic formulations implying symmetric constitutive tensors.
Such is not the case for Cauchy-elastic formulations requiring no
reference to existence of energy. The constitutive equations are
stated in the form of incremental stress-strain relations without
requiring the tangent compliance tensors to be symmetric. In
this paper, the damaged concrete is indeed assumed to be
hyperelastic. However, no additional restrictive condition of
symmetry of damage compliance tensor Didjkl is imposed. This
Cauchy approach, though not thermodynamically consistent, is
also admissible. According to Truesdell ¥, mechanics is of more
general scope than thermodynamics requiring symmetry of
constitutive relations. After all, asymmetric stiffness matrices do
arise in constitutive models and structural theory, e. g., due to
non-associative flow rule for soils? and for structures subjected
to follower forces 121,

In this stress-based formulation, the value of the hardening
function k controlling the current loading function and the
corresponding loading surface in the stress space is determined
by the stress-history. The relevant value of the kis the maximum
value reached in the entire past. In this paper, kis assumed

to depend upon plastic work W, chosen as the hardening

parameter p and, in turn, it determines the scalar damage
parameter w. The applied stress increments resulting in positive
increment dk cause incremental energy dissipation diW, as well
as damage increment dw along with associated additional
energy dissipation. Neither the dissipated energy is recoverable
nor does the damage heal up upon unloading characterised by
negative dk. Thus, hardening parameter p and scalar damage
measure w play the role of internal variables which can only
increase in during the dissipative process. Thus, the proposed
formulation of concrete inelasticity obeys the ‘Internal Variable
Thermodynamics'. To recapitulate, there exist three different
formulations of second law of thermodynamics, viz., Generalized
Thermodynamics, Rational Thermodynamics and Internal
Variable Thermodynamics. In this last case, the internal variables
play the role of one intrinsic time for each dissipative process.
Because of their non-negative variation with real time, these
internal variables constitute valid measures of entropy /1.

Generally, the experimental data on concrete is obtained by
applying proportional loading which maintains the orientation
of principal stress directions. Material behavior under non-
proportional load histories resulting in rotation of principal
stress directions relative to the material directions is termed
‘vertex effect’ ¥, It is claimed that the present model is capable
of predicting vertex effect in the pre-peak range. Damaged
concrete exhibits nonlinear response only under general non-
proportional stress variations. Even otherwise, the proposed
incremental constitutive equations can be used to simulate any
stress-history including sudden changes from proportional path

and predict the consequent damage-elastoplastic response.

The scope of the proposed model is restricted to size-
independent pre-peak response. Here, the positive-definiteness
of compliance tensor ensures stability of predicted material
response. Of course, concrete does exhibit peculiar post-peak
softening response: In place of stress-strain curves, stress-
displacement curves are meaningful and the observed response
is sensitive to size effect. This is attributed to the phenomenon
of shear localisation involving large deformations occurring

in very small region of the specimen and little deformation
occurring outside it. Such body-theoretic behavior is not
accessible to classical point-theoretic constitutive modelling. Of
course, non-local constitutive models are capable of predicting
shear localisation, size effect and post-peak response. In
non-local formulations, the state of stress at a material point

is determined by the state of strain at all points in a region
surrounding that point. Alternatively, strain-gradient constitutive
equations involving dependence of stress upon strains and
strain gradients have also been proposed!'®. The constitutive
model presented here is not equipped to predict these aspects
of concrete inelasticity.
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There are more fundamental problems with popular constitutive

modelling. Generally, as in the present paper, the failure
criterion of concrete for a material point is stated in terms
of stress invariants. In contrast, fracture mechanics is based

upon the unstable propagation of macrocracks resulting in the

fracture of the material body into two parts. In linear elastic
fracture mechanics (LEFM), the relevant material properties
include, apart from elastic modulus, specific surface energy

resembling surface tension. It is interesting to note that non-

local constitutive models can predict the effects of surface

tension of the solids. Other material models include micro-plane

models wherein the behavior at a plane under specified traction

vector is investigated®. Further, concrete structures under the

simultaneous action of service loads and an aggressive ambient

environment are known to exhibit time-dependent chemo-

mechanical response resembling creept*?.

8. CONCLUSIONS

Concrete exhibits quite complex nonlinear inelastic time-

dependent mechanical behavior. In this paper, a new damage

elastoplastic constitutive model for predicting pre-peak

time-independent behaviour of concrete is proposed. It is

constructed by weakly coupling authors’ earlier bimodular

elastic damage model and pure elastoplasticity model.

Reversible elastic strains are caused by stress increments as well

as consequent damage evolution, while irreversible strains are

associated only with plastic flow. It is claimed that damaged

concrete is shown, for the first time, to be a bimodular nonlinear

hyperelastic solid. Despite the restrictive assumption of only

isotropic damage, the proposed model is capable of predicting,
with some accuracy, the anisotropic response observed under

general stress-histories. Admissibility of asymmetric tangent

damage-elastoplastic compliance tensor is justified. The

internal variable approach for satisfying the second law of

thermodynamics has been followed in the proposed dissipative

model. The theoretical predictions of pre-peak behavior of

concrete subjected to some stress-histories are shown to be

satisfactory. It is demonstrated here how authors’ bimodular

elastic damage model can be incorporated in the inelasticity

models for concrete. It is hoped that this will motivate others

to base their more general models upon authors’ bimodular

damage model.
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