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ABSTRACT

Construction activities account for a major component of the budget in developing
countries including India. Portland cement concrete is the most extensively used material for
the construction of large infrastructural facilities worldwide, Significant distress or
deterioration is being observed in reinforced concrete structures, such as bridges, multi-
storeyed buildings, hyperboloid cooling towers and chimneys, particularly in coastal regions
even well within their expected life span.  Ensuring durability of concrete is one of the
important issues to be addressed in evolving strategies to bring about sustainable
development. This paper presents the typical results of investigations carried out at Structural
Engineering Research Centre, Chennai, India on the development of High Performance
Concrete (HPC), including Self Compacting Concrete (SCC) and the present scenario and
future prospects on application of HPCs in the construction industry in India.

INTRODUCTION
High performance concrete (HPC) is a concrete in which enhancement of some or all of
the properties of concrete, such as placement, compaction, no segregation, long-term
mechanical properties, early age strength, toughness, volume stability and durability related
properties resulting in extended service life in severe environment, is ensured/achieved'.
Research carried out worldwide has well established that suitable addition of pozzolanic
materials in concrete mixtures can lead to improvements in the durability of concrete ™
Such concrete mixtures come under the category of HPC. Pozzolanic materials, such as fly
ash (FA), ground granulated blast furnace slag (GGBS), and silica fume (SF), when used in
: concrete mixtures, due to their reaction with calcium hydroxide (a product of cement
hydration) results in calciumSyndicate shydrate compounds which, in turn, render the
transition zone between the matrix and aggregates in the concrete mixture, denser and
stronger and result in refinement of pore structure, thereby high degree of impermeability to
ingress of water, air, chlorides, sulphates and CO;. Pozzolanic materials are also known as
mineral admixtures, supplementary cementitious materials (SCMs) and cement replacement
materials (CRMs).
Experimental investigations were carried out at the Structural Engincering Research
: Ccntm (SERC]'. Chennai, on the use of SCMs, viz,, FA, GGBS and SF, in developing HPC
~ mixtures™" 'Theﬂa' asmd:ﬁ'mre further extended to develop self-compacting concrete
| - mix! - Typical result of these studies are presented in this
by a review of Indian scenario on use of SCMs in
: durmg the present decade. It u seen Ihal 1hs.
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INDIAN SCENARIO TILL 19908

Use of mineral admixture 1o
(OPC, termed as ‘cement’ in this paper) hlt:mh::! B
concrete mixtures 18 nol new in India and can be trace b
cements, ViZ., Portland slag cement” and Portland pnx'fnl.ln.l'
Burcau of Indian Standards (B1S). However, Use of the !
construction in the country has been much limited till recent years.

make blended cements, j.¢., Ordinary Portland Cemer

with pozzolanic materials 10 produce
| back 1o the 19608, Use of f)!tllir,d
L'r:rm:nl" has been permitted by
blended cements in concrete

in India in exploiting the durability related improvements

that fly ash imparts to concrete Mixtures cin be attributed to the rather I"‘;": ‘!i‘*’rh:i:’_'tﬂir;_hh
which was being generated in the country (il 19805, However, during I;L pd; - ]d }, e
1990s), there has been considerable improvement in the quality of fly ash fof -rt.* od through
the mechanism of electrostatic precipitators in the various lilu:rm.':l power plants as reflected
in the characteristics of fly ash with reduced loss on ignition (25%) and Increase in s

fineness.

The lack of large scale effort

ity of concrete structures Using SCMs has
§6-2000"", wherein the earlier clause on
{ combinations of OPC with SCMs in

The importance of ensuring long term durabil
been incorporated in the revised Indian Standard 15 4
durability aspects has been revised, permitting usc 0
the manufacture of concrete.

| INDIAN SCENARIO DURING THE PRESENT DECADE
A With the provisions made in the IS 456-2000 on the use of SCMs to manufacture
structural grade concretes up to M80 grade, use of SCMs, especially fly ash and GGES, in
concrete mixtures, either as an additive/admixture while mixing the concrete or in the form of
& blended cements is on ever increasing trend in the construction industry. It is pertinent o
i | point out that codes issued by the Indian Road Congress (IRC), which govern ihe
' construction of bridges/ flyovers in the country, are yet 1o be revised to permit use of SCMs
in the concrete mixtures. However, efforts have been made to issue guidelines for use of HPC
- in the construction of bridges by the Ministry of Surface Transport / IRC in India and is in the
1\ draft stage. Central Public Works Department (CPWD) in India has recently issued circular
' permitting the use of fly ash based concrete mixture for constructions in the country only in 2
restricted manner. Ready Mixed Concrete Plants in India have also been contributing much
on the use of SCMs in concrete mixtures. These efforts would lead towards attaining the
much-needed sustainability on the use of cements in the construction industry in India.

R&D AT SERC, CHENNAI ON CONCRETE MIXTURLS CONTAINING SCMs
‘Demonstration on use of fly ash in concrete during 1970s

Ds, when only 33 grade cement was available in India, SERC, Chennai, was
itutions in the country to demonstrate use of fly ash in concrete mixtures.
e of fly ash in Reinforced Concrete (RC) and Prestressed Concrete
17, a two-storeyed experimental building in SERC Campus was
he floor and the roof of this building were built by using RC / PSC
The RC channel units were used for spans up to Sm and PSC channel
onger spans. Fly ash from the Basin Bridge Thermal Power Station
sed in cement mortar and concrete. Three different grades of concrete
M4|'.'I by replacing 20% cement with fly ash were developed and
anel units. About 20% savings in total cement consumption and




Mechanics Laboratory and s in good comditiom even afler more than two decades of its
construction (Figs. | and 2), This building serves as 3 successlul model construction uwing
"y wuh 1o schieve cost-ef fective and durable comstruetiom

(b)
Fig. | A two stoned building Fig. 2
constructed using fly ash a) PSC Channe) units being cast in the prestressing
based concrete in 1973 bed
at SERC, Chennai b) A view of the under deck of the floor

constructed using PSC Channel umits

Investigations on the Use of SCMs in Concrete Mixtures
Three grades of concrete mixtures having target mean strength (compressive strength on
100 mm cubes) at 28 days of 40MPa, 60MPa and 70MPa, were investigated as follows:

(i)  Fly ash (at 30% CRM level) based concrete mixtures and designated as AF30,
BF30 and CF30 corresponding 1o the three target mean strengths respectively,

(1) GGBS based concrete mixtures, designated as AS40, BS40 and CS40 (for 40°
CRM Jevel) and AS70, BS70 and CS70 (for 70% CRM level) corresponding to
the three target mean strengths respectively and

(iii))  OPC based concrete mixtures (without SCMs and meant as control mixtures for
. purposes of comparison of results with those of SCM based concrete mixtures)

Ihe mixture proportions and mechanical properties, viz,
ths at 28 days for the above concrete mixtures are given in

s amived at from the results of testing 30 cubes for

mixtures are in the range of 3.0 10 4.0 MPa



Table I Mixture proportions and properties of OPC based. fly ash based and GGBS baseq
concrete mixtures

Concrete  OPC SCM Sand  Aggre- Water SP %s of Compres-  Flexurg—
Series 53 gr. gate leum binder sive Strengih
(OPC+SCM) Strength
Kg'cum at 28 days (MPa)
OPC Based (Control) concrete mixtures T
AO 00 . 804 1129 165 04 41 4%
BO 7SN 715 1195 150 1.2 62 53
cO 450 - 635 1195 150 14 71 69
Fly ash® based (30% CRM Level) concrete mixtures
AF20 232 101 182 1085 160 0.6 39 41
BF30 286 122 672 1135 155 1.2 58 £
CF30 375 161 609 1195 150 1.6 69 58
GGBS based (40% CRM level) concrete mixtures
AS40 198 132 179 1129 165 0.3 11 453
BS40 247 166 683 1195 150 1.4 62 5.59
CS40 ilo 206 595 1195 150 1.45 69 6.20
_ GGBS based (70% CRM level) concrete mixtures
AST0 103 241 787 1135 155 0.6 40 4 40
BS70 131 300 714 1133 155 1.2 59 5.20
CS70 161 375 638 1135 150 2.5 67 6.30

* Properties of FA: % retained on 45 micron sieve: 33; LOI: 1.08 %: Ca0:1.02%: Si0y:
39.1%, Specific gravity: 2.15

AO: A Series with OPC as binder; AF30: A Series with FA at 30% CRM level:

AS40: A Series with GGBS at 40°% CRM level; AS70: A series with GGBS at 70° CRM

level

_ From Table I, it is observed that by a judicious choice of binder (OPC + SCM) and water-
binder ratio, it is possible to produce SCM based concrete mixtures of desired strength levels

at 28 days. The flexural strength of SCM based concrete mixtures is also in par with that of
OPC based concrete mixture at 28 days.

~ Stress Strain Characteristics: Typical plot of stress-strain curves at the age of 28 days by
testing cylindrical specimens for control concrete mixtures, AO, BO and CO and for control
concrete mixture, AO, together with that for SCM based concrete mixtures viz.. AF30 and

by

trol concrete mixture.

Concrete Composites

'AST70, are given in Figs.3 and 4 respectively. From Fig.3, it is observed that for higher
: concrete mixtures (BO and CO), the failure strain of concrete is less than the value
, Which is the ultimate strain considered/assumed in the designs. From Fig. 4, it is

MP; concrete, stress-strain behaviour of SCM based concrete mixtures is

of contro
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Fig. 3 Stressestram plot for 40, 60, and Fig. 4 Stress-strain plot for 40 MPa concrete
70 MPa control concrete (at 28 days) (OPC and SCM based at 28 days)

mt" i!ﬁ‘tw size distribution wsing Mercuey Inrusion porosimetry (AMIFP) - Pore structure
of the concrete matrix greatly influences the strength and durability properties of concrete
Pore structure of cement paste and concrete has been studied by varnous researchers™ '™
Hence, tests were carried out at SERC using MIP to evaluate the pore size distnibution of
OPC based and SCM based concrete mintures, Typical results of test carmied out on samples
of concrete for control concrete mintures and for slag based (40% CRM level) concrete
mixtures, using MIP are presented in Figs.$ and 6. From Fig. 3, it 1s scen that as wbh
decreased tiﬁe\. with increase in strength from A senies to C senes), incremental intrusion plot
shifts towands lower range of pore size and the peak intrusion (critical pore drameter)
decreases, From Fig, 6, it is also seen that as w'b decreased, cumulative intrusion descends
towands the x-axis indicating reduced porosity level, From Figs. 3 and 6, it is seen that in the
case of slag based concrete mixtures, the above pore structure charactenstics are further
improved than those of OPC based concrete mixtures, which reflect in their improved
durability properties, These trends are more pronounced as the age of conerete increases
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Fig. 6 Cumulative intrusion vs pore
diameter (at 28 davs)

d SCM basexd Concrete Beams: Flexural behaviour was
alar reinforced concrete (RC) beams cast using both OPC
concrete mixtures and GGBS concrete mixtures as per
“All the RC beams were designed, as halancad section
gection of the beams for all the concrete test series were

ormance Cement-Based Concrete Composites » 25



ion reinforcement such that yp,

of tens!
. pgmcntiﬂ‘ (0 KN-m). Adequate shear reinforc
h ﬂwmugwd the sa =9 ¢ spa an of the beams {32&[] mm) al'l-{.lc::;

2 beams FEMATE oy failure: =
city of the re shear al bcamg belonging to each series. Iu,,_
“p:itlcdoﬂ'wmcm“m e for all'! the ach g Sere
of the loading 0 b becimens:
mwdscduflwn beam $PE€ under 1Wo- -point Iﬂadul‘lgdm}t]h the middle 100g
jm (. The joad was applied 1 rough a hydrs
m mﬂmgn al
Tﬁfpﬁ"mf rniun'l Mduc (e ach load poml was IUl'.Il'U mm from ""PPUnI: A
;knl:ls dis ributed at Iwo pﬁ_iﬂl-'v 51 w ¥, ﬂ'f the RC beam, and roller support was P’ﬂ‘wldcﬂ
Hinge mn::;iT bI:!Ir:::Ll he results of the he Mexural tests.
e ural test on the RC beams (balanced capacity)
SLrat.:k _(rack m._
pacing Widthat Py, Ry
(‘:'I;ﬂ;J (mm) __“__:
. 0.14
i 10 12 20
30 :31‘ 130 125 83.3 0.16 74
g7 130 125 71.4 0.18 s
187 140 125 83.3 0.16 3
198 116 133 69.7 020 BREn T e
175 108 116 66.6 0.24 ]_.ﬁ;
193 118 129 77.4 0.20 1.60
187 110 125 83.3 0.24 :
168 87 109 91 0.19 T
170 85 114 100 0.16 1.63
170 82 113 87.1 0.20 .
lﬂl 90 113 83.3 0.16 1.55

' ' g to deflection = = span/250 (12mm); Span : 3200 mm
1,_-‘31;!:‘.‘ ~omputed as {p,n 5); Pg:Loadat first cracking; P, : Load at
1 .ﬂlﬁf” '9{ reinforced control concrete and SCM (i.c., for both fly ash and
am specimens were similar, both at the cracking and service load
'.»RC beams was not affected with the addition of GGBS in the
_RC beams was found to be marginally lower for the fly ash
width ‘and crack spacing were found to be similar for the control
noted that the deformation dUCII]Il}' as scen from the
h increase in concrete cnmpresmc strength from 40
. moment \'ﬂﬂi:; ubl:med in the present investigation wer
_ puted as per 1S:456-2000 code than thos:
and CEB-FIBmﬁdeI l:udcs From the values ufP... and Pu s

...........
--------

Loy iﬂﬂﬂrporalmn of SCM:. such as fly 8 "‘

_‘ ed concrete mixtures, i.¢., concrele mixfures
ﬂr. mixture pmpﬂnmnu and rrrlt?-[hf""*"J ;
% CRM level, fly ash based concrete al

4-1--:.;.“..‘1 Q .

“erform:
lance 1‘ ;|| ent-B H'ﬁﬂi'l-""



CRM level and ternary blends based concrete mixtures (i.e., SF at 8% together with FA at
25% CRM levels)

Table 111 Mixture proportions and properties of Conerete without SCMs and with S5CMs
e oL AN FA) ST

Compressive Strength ~ Water  Rapid Chloride

Mix 1d. k‘“ S O% e T T MPa Absorption  Permeability
R} S AKEIL ) L(RG/AIL) Ydays 7 days 28days (%)  (Coulombs)

C2 480.0 " s onnta0,15:56,1 1 ad0.d 4.85 1672

C2DI 4416 384 . 450 570 124 2.76 576

C2F1 3600 3 120 330 446 610 4.46 515

Il 3216 384 120 400 620 736 3.2 348

The parameters which were cht constant for all the concrete mixtures given in Table IV
are wb=04;sand = 672 kg/m" ; coarse aggregate = 11035 k/m'; water = 192 Vm'.

From the properties given in Table 11, it is scen that drastic reduction in percentage water
absorption and chloride permeability values are obtained in concrete mixtures having ternary
blends. For the concrete mixtures containing only SF as SCM and both SF with FA as SCMs,
the compressive strengths are in par or marginally improved when compared with that of
control concrete.

Self Compacting Concrete (SCC): As an extension to the studies on developing HPC
using SCMs, a study was performed at SERC, Chennai to develop SCC mixtures using
locally available materials, especially fly ash as SCM. SCC requires a very high slump,
which could be achieved using superplasticiser. However, to ensure that such concretes
remain cohesive during handling operations, special attention needs to be given while
proportioning the mix to avoid instability. Viscosity Modifying Agent (VMA) prevents
segregation on addition of superplasticiser. Incorporating large quantities of fines, especially
SCMs, such as fly ash, as partial cement replacement material, improves cohesiveness,
reduces temperature rise in concrete during hydration of cement and enhances the durability
besides reduction in cost of the SCC.

L o

Wfﬁﬁty: The workability of concrete mixtures to qualify as SCC is
st for self compactibility, viz., filling ability, passing ability and
This is verified by testing for slump flow, slump flow time, and V-

s

Jmm; Mix $2:700 mm; Mix 55: 720 mm

4Sec.; Mix S2: 3 Sec.; Mix S5: 3 Sec.

(S1 =8 Sec.; Mix 82 = 6 Sec., ; Mix §5= 6 Sec.
s, obtained from the tests for self-compactibility for the concrete
he ranges specified by EFNARC-2004"" for SCCs. Visual observations



. .ons and propertics of SCC mixtures
Table 1V Mixture pro ot Comp.  Chigr s~
Ri‘-‘éiq.

pes Strength  ride
SP e v
\ Water at ¢ Vity
o, of Sand CA per- .
:{M‘:f hl;litlcr k%/ kg!n]‘ /m’ 28days mea- kilg
]
m

MP Pt Ohms.
binder ” h,"“'f' .
Coulg

tm
-mbsg

04 790 700 220 12 ZSW
1 : 290 700 220 68 ;

. : 236
490 160 202 58
g 390 260 005 0s 880 730 Lo 6y

' significant reduction in the total charg
From Table 1V, “n::“‘;:’f:::igﬁ:;d furing the ﬂccc!umtml chloride pcrmbc?i[;:::w d
w&mm concrete mixtures with SCMs, especially for the mixture with ‘“f":r:
mwﬁeﬁ could be attributed to the combined cﬂ:ctt of particle packing, pozzol,
eaction and reduction in the conductivity ghingboefiesas.

Bt Lt thxtures, 52 and S5, which have Fesmi b B0 e B an 20 kil
ohms-cm, the likelihood of corrosion risk is low as per guidelines given by JH. Bungey'

g s SCC Beams: RC beams were cast using SCC mixture and tested under flexy,
R%Wﬁ Fmadm the test results, it was seen that even thm‘lgh the SCC mixture had highc:
Jower values for maximum size and quantity of coarse aggregate (CA), the

binder content, 1oV . AL :
flexural behaviour of RC beam cast using SCC was similar to that of conventional concrete,

nig
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Fig. 8 Under reamed SCC pile ready

il for dynamic test

: € / c [_ aic behaviour of cast-in-situ under-reamed piles (on
""" : with conventional concrete having similar strengths), 25 cm diameter an

e with
d 4m

e by exciting the pile in both horizontal and vertical directions

: Ialf;’txmter (Fig. 8). It was observed that the dynami
tural f;equmc?. percentage damping, resonant, u—::v:clemtmfl
.'- disphcement response for the SCC pile were almost
itional concrete pile.
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n in the country, which have been construc

n ted using HPC
al, advise of SERC, are given below.
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Construction of Superstructure of the Flyover Bridge Across the Dumper Lines in
Vizagapatnam Port Trust: As part of  consultancy services, M45 grade GGBS based HPC
(with 40% CRM level) for the construction of the prestressed concrete beams for the
superstructure of the flyover bridge was designed and demonstrated by SERC. As per the
requirements of the construction, the mix was designed for target strength of 57 MPa, which
was 10 be achieved in 14 days. The compressive strength at 28 days was 64 MPa. The mix
had a slump of 130 mm with water-binder ratio of 0.35, Naphthalene based superplasticizer
at the rate of 0.85% by weight of the binder was added to get the required workability. Fig. 9

shows a view of the prestressed concrete bridge girder cast using M45 grade GGBS based
HPC,

b‘ﬂl‘.ﬂ far ﬂ'lf.' Roof structure of the Parliamentar
sentral Public Works Department, New Delhi, sponsored a
hﬁblc type du'nc units for |!u muf structure u:' the

e m at SERC, as part of the p-mm.t Ih-. concrete
blend with total CRM level of 40%,, comprising 35%
Dramix steel fibres at 0.75 %6 by volume of concrete.

was used to obtain the required workability. The water-

imum size of coarse aggregate was limited to | Omm
¢ the shrinkage resistance of fresh concrete and



ess i.c., energy of absorption capacity,

des enhancing the OVERNEES L0 (ppe, Fig 19

was minimiscd 36 Jdome being tested for stren

shows a view of the

FUTUREPROSPECTS AND il engineering pmfcssiunﬂé* i“bt,ll‘,': ““"'_""'Y on the benefy f
. | . cure long-term durability of RC/PSC s
 using SCMs in concrete M fhe cnabling provision, permiting usc of Sy
‘ ng. aspet o in the 1S 456-2000 Code has paved the way for use of 1;;2
‘ions in the country. Already, HPC has been used in some of the
e tions in the country. Governmental agencies, gy
Bm',. (IMI OST) and Central Public Works Department (CPwry, wl:
e rures in the governmental sectors, are taking steps to if the
\ based concrete mixtures for structural grade concrete, () the
" rete constructions is expected to grow rapidly in India during ¢,
ix concrete plants in the vicinity of metropolitan cities in Indig ;
. HPC. Development of SCC, which is a recent devclupm;u i:
chnology, i in a nascent state and holds much potential for yse in

bl 1"|

i ’g;"’" R oo especially high-strength HPCs in the RC/PSC constructions.

| e lﬁlﬂwﬁ  are listed below. R&D is in progress at SERC on some of these

i & e ;-. i AT

Verifics L,u%_;f extens i 1 of the design recommendations of IS 456-2000, which are
le g tes up to medium strengths (<40MPa), to the present day

s (up to 80 MPa).

spects of structural elements constructed using high strength
T T .
Ityﬁito__sw:h concretes to ensure lower damage levels during

natural disasters.

einforced high strength HPC structural elements under

el

e v

"

through laboratory investigations that SCMs (available in
‘Through judicious choice of water-binder ratio a

J ards, it is possible to produce durable concreles having

opment.

mﬂn}!,:__ erm durability of concrete structures would als0
ﬂ‘“mh'%j*"r constructions in the country. FUurtes

:.:5.;%?,.@ which consumes considerable encrgy 10

y adopting SCMs in concrete mixtures.
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