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PERSPECTIVES ON BLENDED
CEMENTITIOUS SYSTEMS
WITH CALCINED CLAY-
LIMESTONE COMBINATION
FOR SUSTAINABLE LOW

CARBON CEMENT
TRANSITION

Abstract

This paper presents a summary of the major findings from the
studies conducted at Indian Institute of Technology (IIT), Madras
on Limestone Calcined Clay Cement (LC3), in comparison

with plain portland cement and fly ash-based binder. The

study attempts to delineate the chemical and physical effects
of binder components in LC3 on hydration and hardening,
property development, binder chemistry and durability
indicators to evolve fundamental understanding on the
performance of such low clinker binders. Such an assessment
can drive the practical adoption and extend the applicability
of such binders in various domains of cement-based materials.
The experimental strategy involved the assessment of the pore
structure evolution and electrical properties on cementitious
pastes, along with measurement of the durability parameters
on concrete for resistance to ingress of moisture by absorption,
and chloride ions by migration and diffusion mechanisms.

The synergistic interactions of the blend of calcined clay and
limestone impact the physical structure positively at early ages
as opposed to fly ash systems, which require prolonged curing
to realise their potential. The study reveals a combination of
calcined clay and limestone can be a potential combination for
producing high-performance concrete, more specifically in a
chloride laden environment, along with the beneficial alternative
resource utilisation and sustainability prospects.

Keywords: Calcined clay, Formation factor, Limestone,
Microstructure, Ternary Blends.

1. INTRODUCTION

Cement consumption is projected to quadruple in the next

few decades in India to meet the growing infrastructure,
economic and social advances. Many strategies have been
suggested for reducing the CO, emission in cement production

YUVARAJ DHANDAPANI,
MANU SANTHANAM, RAVINDRA GETTU
RADHAKRISHNA G. P LLAI

including — improving the energy efficiency of kilns and pre-
calciners, alternative fuels, alternative raw materials, new
alternative clinkers, improving grinding efficiency, carbon

capture and storage, and substituting clinker with supplementary
cementitious materials (denoted as SCM hereafter)"?. In a
technology roadmap by World Business Council for Sustainable
Development (WBCSD) and International Energy Agency (IEA),
clinker substitution was identified as one of the major solutions
for a sustainable transition to a controlled 2°C rise in temperature
scenario in cement industry Bl The production of clinker, which is
the essence of cement, has a severe impact on the raw material
reserves. It is widely accepted that the path forward for the
production of sustainable concrete involves the reduction of the
clinker factor in the binder, which is made possible by the use

of suitable alternative binding materials or SCMs 4. Availability
of potential substitute materials and environmental concerns
related to clinker production have powered the use of SCM

over the last few decades. With the low availability of good
quality fly ash and slag and the uncertainty of tapping into the
natural pozzolan sources, calcined clay has emerged as the most
promising alternative for the extender in blended cement 5.
Another development over the last two decades has been the
increased use of ground limestone as an additive in the binder,
either up to 5% as a performance improver or up to 15% in
Portland Limestone Cement (PLC) formulations”#. More recent
literature has indicated the synergistic effects of using limestone
in combination with other SCMs a part of a ternary binder system
with portland cement -3,

2. BACKGROUND ON TERNARY CEMENT
COMPOSITE WITH LIMESTONE AND
CALCINED CLAY

The requirement for SCMs is expected to reach 500 million
tons as per estimates presented in® to meet the demand

THE INDIAN CONCRETE JOURNAL | FEBRUARY 2020




for cement substitutes. This increase in demand can be
leveraged by combined substitution of SCMs, which are likely
to accommodate a wide range of SCMs with various levels

of quality and reactivity potential. The cement sustainability
initiative (CSI) predicts that the contribution of limestone

would increase from 8% in 2014 to nearly 18% by 2050

as supplementary binding material, as shown in Figure

1. Additionally, calcined clay is expected to compensate
availability of fly ash and slag as a pozzolanic cement substitute.

Fly ash Slag | Natural pozzolana
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Figure 1: Contribution of different cementitious and pozzolanic
materials to constituent binding materials as suggested in the CSI
report 14,

2.1 Addition of Finely Ground Limestone
Powder

Ground limestone is drawing interest as an additive in cement
worldwide. A locally available resource for cement plants and
the low emission factor of limestone (See Table 1) makes it

a viable choice to reduce emission potential in cementitious
materials by moderately and judiciously increasing filler
substitution level '3, In addition to the curb on emissions,

the energy demand of the binder and concretes for calcined
clay-limestone combination were found to be reduced by
about 20% and 10% respectively with respect to OPCU'¢1]. |n
current practice, most international standards allow only 5%
limestone as performance enhancers in ordinary portland
cement (OPC). Interaction from slow dissolution of calcite
brings in a whole range of new opportunities for utilization of
limestone, which requires only grinding, without any energy-
intensive calcination process. Limestone is a readily available
resource near clinkerization units. Hence, it does not require
extensive transportation as slag and fly ash to supplement
cement production houses. However, the slow uptake in Indian
standards and industry acts as a barrier to limestone as a binder
component. This necessitates extensive research studies to
develop the state of art knowledge on the subject of such
composite cementitious systems, which can elucidate the areas
of benefits and address the concerns for suitable adoption.
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Table 1: Summary of the emission factor of different

binding materials
OPTIONS FOR BINDING | EMISSION FACTOR
(kg-CO, PER kg-
MATERIAL)

SOURCES

MATERIALS

Clinker + Gypsum 0.77-0.93 [16-19]
Calcined clay 0.2-0.35 [18]
Limestone 0.008 [18]
Belite Ye'elimite Ferrite 0.6-0.66 [18]
clinker

Carbonated calcium 0.54 [18]
silicate clinkers

GGBS 0.070 [17]
LC3 binder 0.46-0.61 [16,17,19]

Limestone powder was traditionally considered as an inert

filler. A more rational understanding of the physio-chemical
contribution of limestone in a hydrating cementitious matrix has
been emphasised in literature ?°?l. The chemical interaction of
carbonate species has created avenues for judicious limestone
additions 2%, The aluminate-carbonate interaction can alter
physical structure development because of the difference in
space-filling characteristics of the additional hydrate phases 2.
The extent of benefit that could be availed from such interaction
needs to be elucidated with scientific research studies.

2.2 Calcined clay as a pozzolanic admixture

Calcined clay is an acknowledged pozzolanic admixture in the
Indian standard; it is an ingredient of Portland Pozzolan Cement
as per IS 1489 Part 2. However, the potential utilization of
calcined clay has been undermined due to surplus availability
of fly ash from thermal power plants in the last few decades

and lack of knowledge on the quality of clay to be used for

such applications. Studies have shown that 1:1 kaolinite clays
possess excellent pozzolanic behaviour after dehydroxylation
by thermal activation!®. Calcined clay with only 40% kaolinite
content was found sufficient to produce strengths similar to
plain portland cement by 7 days of curing®??. The presence of
reactive aluminates in calcined clay makes it an ideal constituent
for co-substitution with calcite-rich materials such as limestone/
dolomite/ marble stone #:28],

Limestone Calcined Clay Cement (LC3) binder makes use of
these two widely available resources and their interaction with
clinker compounds and between calcined clay-limestone. A
typical limestone calcined clay cement is composed of portland
clinker, calcined clay (>40%), limestone and gypsum, as shown in
Figure 2.
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Figure 2: Components of Limestone Calcined Clay Cement (LC3). -
more details can be found in www.lc3.ch.

A widely adopted LC® composition is 50:30:15:5 (clinker:
calcined clay: limestone: gypsum) with limestone-calcined clay
ratio of 1:2. It is important to note that the composition of the
ingredients can be optimised based on the requirement. All
four ingredients collectively contribute to multiple interactions.
Additionally, there is ample opportunity to explore Limestone-
Calcined Clay (LC?) mixture as a pozzolanic admixture for high
performance concreting applications?. This attracts significant
interest in the research community to understand, validate and
evolve such technology for large scale commercialization and
field adoption.

2.3 Chemistry of limestone calcined clay cement

The combination of finely ground limestone and calcined clay
has emerged as a global solution for large volume cement
replacement, catering to the increasing demand for cementing
materials and supplement clinker production. Studies of such
ternary blended systems in paste and concrete reveal interesting
physicochemical effects on the structure development, strength
and durability performance. The chemical interactions in

LC3 binder include the clinker reaction, pozzolanic reaction,
limestone interaction with clinker hydration and hydration
products, and limestone-calcined clay interaction. Initially, the
Bogues’ compounds react to produce C-S-H, CH and Ettringite
as given in Equation 1-3. In the presence of excess aluminates in
clinker, ettringite converts to monosulphate (Ms). The addition
of an aluminosilicate based pozzolanic admixture leads to the
formation of pozzolanic C-A-S-H with variable levels of silica
and alumina in the pozzolanic C-A-S-H as given in Equation 4.
This reaction leads to a significantly improved pore filling and
produces major benefits on transport properties 3,

Clinker reactions:

C,S + 5.3H — C,,SH,+1.3CH Equation 1
C,S+4.3H —> C,,SH,+0.3CH Equation 2
C,A +3CS + 32H — C,A3CS.H,, Equation 3

Pozzolanic reaction:

Asem+ Ssam + CH+H —> C-A-S-H (varying stoichiometry) Equation 4

In the presence of fine limestone particles in the hydrating
cementing matrix, the ettringite precipitated initially is stabilised
as suggested in®?, and the aluminates react with limestone to
produce carboaluminates as given in Equation 5 and Equation

6 with varying levels of carbonate ions (i.e., Hemi- or Mono) 24,
Calcined kaolinitic clay catalyses this interaction further due to
the presence of reactive aluminate. Aluminates in calcined clay
could also increase the additional demand of gypsum to ensure
that calcite interaction proceeds after the consumption of
gypsum, which needs to be controlled to occur after the primary
silicate reaction 3,

Limestone interaction with clinker phases

C,A + CaCO; + CH + H—> C,A.CaCO,H,, Equation 5
Limestone interaction with calcined clay/SCM
Agoy + xCaCO, + 3CH + H — C,AxCaCO,.Hy, 4, Equation 6

A major international collaborative project between leading
universities such as EPFL (Switzerland), UCLV (Cuba), IITs Delhi,
Bombay and Madras (India) in partnership with an Indian non-
governmental organization called Development Alternatives
has resulted in a systematic scientific study on Limestone
Calcined Clay Cement (LC3), which has contributed vastly to the
development of such low clinker binders®¥. So far, two major
pilot-scale industrial productions have been made in the project
in India; details of the same can be found in®>%l. The current
paper aims to throw light on the major outcomes of the research
on ternary binder systems involving limestone and calcined

clay. The studies on hydration, microstructure and concrete
performance with LC® binder systems has led to significant
insights into the structure-property relationships. This paper
mainly relies on the results already published in B B8 and 57, in
conjunction with some new studies carried out in the project.
An overview of the research and development made in the

last six years is summarized in this paper with emphasis on the
potential uptake of LC? technology for standardization and field
applications.

3. MATERIALS AND MIXTURES

Ordinary Portland cement of 53 Grade conforming to IS 26919,
Type F fly ash from North Chennai, and Limestone Calcined Clay
Cement (LC3) from an industrial production (reported in 853
were used as the binders in this study in Phase 1. The fly ash
and cement were blended in the ratio of 30:70 to produce the
binder termed as FA30. The complete description of material
characteristics is provided in Dhandapani and Santhanam

(2017) ¥ In an extension to Phase-1, some investigations are
presented from the on-going studies at IIT Madras (i.e., Phase
2). Calcined clay from Bhuj, Gujarat (with around 60% kaolinite
content) and limestone from a cement plant in Ariyalur (with
CaO content of 42%) were used to produce the ternary blended
systems, with the formulations indicated in Table 2.
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Table 2: Binder systems investigated in the study

R MIX ID: OPC(**CLINKER)% |  SCM% | LIMESTONE*% | GYPSUM %
OPC OPC : _ _

Phase-1 100
FA30 FA30 70 30 - -
LC3 LC? 50 ** 31 15 4
Phase-2 OPC OPC 100 - - -
FAF30 66 30 3.5 0.5
FAF42 54.5 42 3 0.5
Class F FAFL10 54.5 34 11 0.5
FAFL15 54.5 30 15 0.5
FAFL20 54.5 25 20 0.5
CC30 65.0 30 3.5 1.5
CC42 53.5 42 3 1.
Calcined Clay CCL10 535 34 11 1.5
CCL15 53.5 30 15 1.5
CCL20 53.5 25 20 1.5

Note: *inclusive of limestone contributed from 5% calcite present in OPC

Gypsum amount was adjusted for the calcined clay - admixed
binder to ensure that the aluminate peak is pushed beyond the
main silicate hydration peak based on isothermal calorimetry
profiles. This ensures proper early hydration of tricalcium
silicates as recommended in the literature "4, Figure 3 shows
the impact of proper gypsum dosage on the silicate hydration
peaks with (w-G) and without (w/o0-G) gypsum correction. The
additional aluminates from calcined clay and acceleration in
clinker reaction due to fine substitutes increase the demand for
gypsum marginally for LC? binder composition. The additional
gypsum (1.5% in this case) delays the appearance of the
aluminate peak outside the silicate peak and ensures proper
silicate reaction. A detailed investigation on the influence of
gypsum dosage on the hydrate phase assemblage of LC® binder
can be found in Krishnan et al. (2019) 131,

A major part of this paper reports the results of three types of
concrete produced with the three binder systems: (i) Concrete
of grade M30 (i.e. characteristic compressive strength of 30
MPa), (ii) Concrete of grade M50 (i.e. characteristic compressive
strength of 50 MPa), and (iii) Concrete with binder content of
360 kg/m® and w/b of 0.45 (designated as C mix). A second
investigation reports the results of binary and ternary blended
mixtures with fly ash/ calcined clay and limestone, as indicated in
Table 2. In all the mixes in Phase-2, the binder content and w/b

were maintained at 360 kg/m?® and 0.45 respectively.

For all concrete mixes, the coarse aggregate was crushed
granite with a maximum size of 20 mm, and the fine aggregate
was well-graded river sand. The coarse to fine aggregate ratio
was maintained at 60:40 by weight and a polycarboxylic ether
(PCE) based superplasticizer was used to obtain a slump of 80

§ ¥ ' L — 120 mm. The actual composition of cement paste used in the
ol [ dyi ioned in the diff i
3 " ccLISwe || study Is mentioned In the different sections.
s ——CCL15 wio-G
S 4. RESULTS
o d
% 4.1 Hydration, Hardening and Compressive
E 2 3
z strength
:E 1 2 Figure 4 presents hydration heat and setting characteristics
I of the cement paste (w/b: 0.4) for all binder compositions
o4 - T - - - - . - - investigated in Phase-2. The cumulative heat release in these
Y 10 20 30 iz binder systems reflects the kinetics of hydration reaction in
Time (hours)

Figure 3: Effect of gypsum addition on the hydration profiles of
LC3 binder.
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binary and ternary combinations. It is clear that an increase in
the amount of SCM, i.e., fly ash or calcined clay from 30% to
45%, reduces the total heat release by 7 days. The reduction
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Figure 4: Hydration heat of fly ash (a) and calcined clay (b) mixes and Setting characteristics of fly ash (c) and calcined clay (d) mixes as presented in 2.

was significantly higher for increasing dosage of fly ash than
calcined clay, as noticed in Figure 4(a) and Figure 4(b). The early
interaction of calcined clay and the consequent acceleration in
the hydration process contribute to the heat release in calcined
clay binder combinations as opposed to fly ash binders. A
combination of limestone-fly ash showed higher heat release
than FAF42, which is characteristic of the positive influence of
limestone on early hydration characteristics. Figure 4(b) shows
that the change in heat release was not significant between
CC30 and CC42, and only a marginal variation was observed

in the cumulative heat release due to limestone addition in
calcined clay binders. High reactivity potential of the calcined
clay starts dominating hydration from the early stages itself. The
onset of energy rise for calcined clay binder is similar to OPC in
Figure 4(b).

Setting characteristics of all binder compositions with fly ash and
calcined clay is presented in Figure 4 (c) and (d), respectively.
The penetration resistance reduces with increasing dosage of
fly ash (See FAF30 and FAF42 in Figure 4 (c)). Increase of dosage
of fly ash from 30% to 42% shifts the time taken to develop
resistance from nearly 6 hours to 7 hours. Addition of limestone
manages to delay and shift the time taken between 5-6 hours

in all ternary binders with limestone-fly ash combination. This
shift signifies the acceleration in hydration characteristics due

to the presence of limestone addition, to compensate for the
delay in setting characteristics of fly ash binders and bring it
close to plain portland cement. Similar results were previously
reported for high volume fly ash concretes with a minor dosage
of limestone in literature 3.

In contrast to the fly ash mixes, an increase in calcined clay
dosage from CC30 to CC42 resulted in early hardening, and
the Vicat resistance was further accelerated in the presence

of limestone-calcined clay combination. The combined early
contribution of both calcined clay and limestone can also be
noticed in the energy pattern in Figure 4(b), which collectively
accelerates the setting characteristics of calcined clay-
limestone binders. The penetration resistance was found to rise
between 3-4 hours, which indicates that LC? formulations have
regular setting characteristics and could adequately meet the
requirements of blended and masonry cement applications. In
fly ash mixes, limestone addition was found to be beneficial in
improving the kinetics of heat release rate, and correspondingly
reduced the delay in setting characteristics that are typical in
higher dosage of fly ash additions as a cement substitute.

Figure 5 presents the evolution of compressive strength for
the concrete mixes. Figure 5(a) and 5(b) shows the results from
Phase 188, while Figure 5(c) and (d) shows the results from
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Phase 2. It is evident from Figure 5(a) that the rates of strength
development of LC? concrete are similar to OPC concrete and
significantly higher than FA30 concrete, which needs extended
curing to achieve similar ultimate strengths. LC® was able to
produce comparable strength development despite lower
clinker content than FA30. On the other hand, the Phase 2 results
in Figure 5 (d) indicate that it is possible to produce concrete
strengths with calcined clay-limestone combinations on par with
OPC strengths when the calcined clay is at 30-35% replacement
level, and limestone is used up to 15% replacement level.

The compressive strength development (up to 180 days) in
concretes reaffirmed the influence of limestone on the early
age mechanical properties (See Figure 5(c) and (d)). This can

be identified from the comparable strength development of
ternary mixes with limestone to binary mixes. The early increase
in hydration and strength were possible despite the fact

that limestone is replaced at the expense of a more reactive
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component such as clinker and pozzolan. For both fly ash and
calcined clay, compressive strengths at 7 days and 28 days

were marginally higher for ternary mixes than binary mixes with
42% SCMs. Even in CCL20 with limestone substitution of 20%,
there is a steady development of strength up to 180 days. In
CC42 with 42% binary substitution of calcined clay, there was

a stagnation in the strength development beyond 28 days at
higher substitution levels of calcined clay due to a probable
portlandite-deficient state. The compressive strength results
from ongoing Phase-2 studies indicate the compositional
robustness of calcined clay-limestone combination to produce
comparable early and later age mechanical strengths to plain
portland cement and accommodate varying levels of limestone-
calcined clay ratio. In fly ash-limestone combination, early age
strength of ternary mixes was found to be comparable to binary
fly ash binders. However, a consistent difference in strengths
was visible at later ages with increasing dosage of limestone as
shown in Figure 5c.
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Figure 5: Results for compressive strength evolution a) comparison of strength evolution from phase-1 concrete made with OPC, FA30 and LC3
(reproduced from ¥8)) and Influence of fly ash/calcined clay-limestone ratio on strength development of LC® concrete from Phase-2 studies
(c) fly ash and (d) calcined clay 4.
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4.2 Durability characteristics

The detailed results of durability tests on concretes from the
Phase 1 study are presented in Dhandapani et al.®4. The
concept of formation factor has been extensively explored in
14648 |n simple terms, the formation factor is the ratio of the
conductivity of the pore solution (o,) to the effective conductivity
of the bulk concrete (o,) as given in Equation 7 which is related
to porosity (¢), pore connectivity (8) and cementation exponent
(m). The use of formation factor helps in understanding the
influence of pore structure i.e., pore volume (p) and connectivity
on durability, without the concomitant effects of the pore
solution conductivity.

F=%_1 _ 1
o, 9" @p

Equation7

The variation of formation factor with age for the cement

paste studied in Phase 1 is presented in Figure 6 (a), based on
Dhandapani and Santhanam®”. The result clearly shows that
pore tortuosity (or disconnectedness), as represented by the
formation factor, rapidly increases for LC® concretes. In the case
of FA30, extended curing is essential to get the same level of
increase in formation factor. The OPC paste, on the other hand,
does not show much increase in formation factor beyond 7 days.
From the same literature, the results of the relationship between
formaton factor and the water-filled porosity (as determined

by vacuum saturation process on thin slices of cement paste)
are presented in Figure 6 (b) reaffirming Archie’s law for
cementitious porous systems. The plot in Figure 6 (b) clearly
indicates that the formation factor can be a unifying approach
to compare the capillary pore space, structure development
and durability characteristics across cementitious systems with
different binder chemistry.

The promising trends of formation factor to reflect the structure
development in capillary pore space were extended to
understand the durability performance of concrete made with
different binder systems. The results of the charge passed in
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RCPT (as determined from the ASTM C1202 *)), plotted against
formation factor, are presented in Figure 7 (a) and (b). The
charge passed in RCPT and formation factor was measured
over different curing ages up to 1 year as shown in Figure 7

(@). The influence of the binder type is evident, with the results
from the LC? concretes showing a much lower charge passed
and higher formation factor as compared to FA30, which in turn
shows higher resistance to ionic ingress than OPC concretes.
The combined reduction of porosity and pore connectivity,
which leads to higher formation factor, can explain the role

of pore structure development on durability parameter. In
Santhanam et al. ™, the influence of formation factor to
represent chloride transport was validated with migration
coefficient based on NT BUILD 492 test®, which is a reliable
test for chloride penetrability and also gives an acceptable
parameter for performance-based design approaches and
service life estimates as per FIB Model Code 345, This
relationship confirms the generic adoption of formation factor
as a representative microstructure-based factor which relates to
durability characteristics of a range of concretes across different
binder chemistry by deconvoluting the impact of pore structure
and pore solution from the bulk electrical response.

The results for the secondary rate of water absorption as per
ASTM C1585F2 also indicate a superior performance for the LC3
concretes (results in Figure 8 presented here are for the C-mix).
In simple terms, the superlative benefit of early rise in formation
factor is prudent not just in migration-based experiments, but
also in unidirectional water absorption by a measure of moisture
transport in LC® on an unsaturated concrete system. This
difference in performance draws attention to the fundamental
difference in the characteristics of capillary pore space of the
binder phase. It is clearly shown by the published works of Avet
and Scrivener® and Dhandapani and Santhanam 27! that this
edge in performance can be related to the rapid development
of a pore structure i.e., early disconnection in capillary pore
space in the LC® binding phase. Evidence of this phenomenon is
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Figure 6: (a) Change in formation factor with curing age for the Phase 1 for cement paste, (b) Exploring relationships between formation factor and
durability (in terms of water-filled porosity) for all Phase 1 binder compositions — from 7.,

THE INDIAN CONCRETE JOURNAL | FEBRUARY 2020




Charge passed [Coulombs)

" OPC-M30

v FA30-M30 + FA3D- M50 FA30 - C mix

* OPC - M50 OPC - C Mix

» LC3I-M30 » LC3I-M50 L3 - C mix
10000 —— ———
L}
‘-' "
10004 a .
& ]
*
100- ', .
¢ 3
+ B ] 3
10 8 y
100 1000 10000
Formation Factor
(b)

Figure 7: (a) Charge passed as a function of age from ¥ and (b) Influence of formation factor on durability indices.

= OPC-M30 « OPC-M50 OPC - C Mix|
v FAID-M30 + FAD-MS0  FA30-C mix
b LC3-M30  « LC3-M50 LC3 - C mix |
10000 ———— ————
T 5
8 ] e .
s : :
S 10004 H " ;
8 : 5
b ]
¥
2 :
u r
10 ~ T -
10 100 1000
Age (days)
(@)
2.0 r—r—————————————— r—r
Absorption profile fo * OPC
unidirectional molsture * FA3D
,5] UPtake-ASTM C1585 . LC3
o | )
!
: . g
n‘é 1.0+ p B ¥
£ H imws
- - i B
o~ i
05{ g2 ]
ﬁ,ﬂ | . R LA AL DL L. DL S L L T
0 100 200 300 400 500 600 TOO 800 900 1000

THE INDI

Time (5"%)

(@)

Absorption rate (mmisqrt. s)

9.0ED4 r

8.0E-D4+

T.0E-044

6.0E-D4+

5.0ED4 4

40ED44

J.0E-D4-

Figure 8: Results of the sorptivity test as per ASTM C1585.

Pore size (pm)
(@)

E 1 ———OPG 7 days | 1
E 3504 - |——FA30 7 days| -
& 1 ——LC37 days |
'é 300 < T .
2 - ]
g 2004 i
= 4
S 150 i
= o
2 400 ]
|u - o
i -
T r L
5 o | )
0.001 0.01 0.1 1

10

Differential pore volume [dVidiog(D]], mmg

400 - T
—— OPC 28 days
350 - —— FA30 28 days| -
—— LC3 28 days
300~ E
250 + .
200 - 2
150 - -
100 - -
50 - 3
0 vy v
0.001 0.0 04 1 10
Pore size (um)
(b)

Figure 9: Pore size distribution from mercury intrusion porosimetry, as presented in Dhandapani and Santhanam ¥/,
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Figure 10: Influence of curing age on durability properties.

presented in Figure 9 from ], where the results clearly indicate
the shift in pores towards finer sizes as early as 7 days for the LC3
systems for cement pastes with 0.35 w/b. A similar reduction in
pore sizes was also noticed in the porosimetry assessment made
on LC3 concretes B8 and paste with varying water-binder ratio ?.
These trends seem to indicate that LC? systems would not be
significantly affected by the curing duration with respect to the
development of the durability characteristics.

In order to validate the potential benefits of early refinement

of pore structure, the effects of curing duration on OPC, FA30
and LC? concrete were studied. Concretes in the C-mix category
were subjected to different moist curing regime (i.e., 3 days,

7 days and 28 days) after which the concretes were placed in

a controlled environment (25°C and 65% RH) till the age of
testing. Non-steady state migration experiment was used to
evaluate the chloride resistance at 28 days and 90 days after the
initial moist curing. The results from the study are presented in
Figure 10, which shows that LC3? concretes attain significantly
higher resistance to ingress of chloride ions irrespective of the
moist curing duration (varied between 3 and 28 days). The OPC
and FA30 concretes show a significant dependence on curing
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duration. For instance, the impact of extended moist curing
duration can be noticed in Figure 10 reporting the transport
performance of OPC concretes at 90 days. The concretes cured
for 28-days show lower D, than concretes cured for 3 days and
7 days, as seen in Figure 10 (b). At 28 days, the difference was
insignificant to capture the influence of curing in OPC concretes.
For fly ash concrete, there was a consistent reduction in
transport parameter for extended curing from 3 days to 28 days,
which was visible by 28 days (See Figure 10a). Fly ash concretes
managed to attain similar resistance to chloride transport by

90 days after the initial moist curing regime due to steady
interaction of fly ash on the microstructure (See Figure 10b). The
LC? concrete showed lower Dy irrespective of curing duration,
and the 28 days cured LC3 concrete showed lower Do at both
28 days and 90 days (See Figure 10b). The results reiterate the
fact that the early development of pore structure noticed from
microstructural assessment firmly controls the performance
characteristics in concrete systems.

4.3 Microstructure

The variation in the microstructure characteristics was studied in
order to understand the cause of early development of physical
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Figure 11: Composition of CASH in the OPC, FA30, and LC3 cementitious systems at 150 days (reproduced from 18)).
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structure and durability properties. The significant change in
durability properties in LC® systems can be explained by the
characteristics of the C-A-S-H phase produced in the calcined
clay-limestone systems. Energy-dispersive X-ray analysis was
carried out on nearly 200 points for each cement paste made of
three binder. The variation in chemistry of C-A-S-H produced in
the three binders were assessed. Microstructural composition
of LC® presented inB¥ is reproduced in Figure 11. The high
reactivity of calcined clay lowered the Ca/(Si+Al) to 1.21 in

the LC3 system. In OPC and FA30, the ratio of Ca/(Si+Al) was
nearly 1.95 and 1.60, respectively. The chemical composition
inherently alters the molar volume of the bulk C-A-S-H and thus,
space-filling characteristics of the microstructure. A significant
reduction in Ca/Si ratio indicates that the low packing density
C-A-S-H (further reaffirmed in ®3) formed in LC? is the cause for
dominant refinement of the capillary porosity, contribute to
densification and discontinuation of the capillary pores. The
early rise in resistivity and formation factor confirms the primary
implication of the SCM's reactivity on concrete properties. This
difference in C-A-S-H chemistry and resulted development of
macroscopic properties places emphasis on the fact that the
durability indices can be adjusted to a target value by a suitable
mixture proportioning scheme. However, the kinetics of property
development is directly governed by the reactivity of SCM
constituents in binder phase 4.

5. DISCUSSION - IMPACT ON CHLORIDE
INDUCED  RROSION

The results in the preceding section indicate that transport
parameters of LC® concretes are expected to be superior in
chloride environments. However, the performance of concrete
structures is also affected to some extent by steel-binder
characteristics. Literature indicates that the chloride threshold is
lowered in blended binder systems®. Indeed, results from the
study conducted in the IIT Madras (reported in Pillai et al. %) also
found a reduction in chloride threshold value. The determination
of the chloride threshold was as per the method suggested by
Rengaraju et al. ™. The chloride threshold in FA30 and LC? were
0.32% and 0.17% (by weight of binder), respectively, which was
lower than 0.44% found in OPC binderP. Pillai et al. 57 used the
chloride threshold data along with the transport characteristics
(chloride diffusion coefficient) shown in Figure 12 — to predict the
service life with respect to chloride-induced corrosion as per the
probabilistic modelling approach suggested by LIFE 365. The
results of the analysis, shown in Figure 13, indicate that despite
the lower chloride threshold, the service life of LC3 concretes

is on par with FA30, and much superior to OPC systems in a
chloride environment. The ingress rate was found to be lower

by an order of magnitude for LC® concrete and the evolution of
chloride transport was also was found to be higher than OPC
concrete . Both these factors dominantly influenced the service
life estimates in the case of LC? concrete systems to produce
longer time for corrosion initiation.
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Figure 12: Comparison of chloride diffusion coefficients for all mixes
from Phase 1 from 9.

RC bridge girder
Strength grade: M50 |
Cover depth: 50 mm

0 50 100 150 200
Age of the structure (years)

Cumulative probability
of corrosion initiation

Figure 13: Comparison of service life calculations for the concretes with
the three binder systems as presented in 7.

The corrosion propagation current is expected to be lower

for LC® binder as concrete resistivity plays a crucial role in

the corrosion current density of steel !, This reduction could

be partially attributed to the extremely high resistivity of LC3
concretes — an order of magnitude higher than for OPC and
significantly higher than FA30 as found in 2%, A study on the
influence of concrete mixture proportioning on the resistivity
development confirmed the higher resistivity potential of LC3
concretes. Figure 14 presents a resistivity range for concretes
between M20-M50 strength grades. The resistivity rise was
found to occur consistently between 3 to 7 days in LC3
concretes, whereas fly ash concretes showed a major increase
only post 28 days. The higher resistivity of LC? concretes is
expected to slow down the corrosion propagation — post-
initiation. Current work at lIT Madras looks at the role of the CSH
chemistry in addition to the pore structure characteristics with
respect to the development of resistivity, resistance to sulphate
ingress®®, and influence of corrosion initiation and propagation
characteristics in chloride and carbonation environments for LC?
concretes.
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Figure 14: Surface resistivity of concretes measured using Wenner
4-probe test based on 21 sets of LC3 concretes and 18 sets of FA30
concretes reported in .

6. DISCUSSION - APPLICATION PROSPECTS
IN FRC PAVEMENTS

In this section, the potential of low clinker LC® binder for use

in fibre-reinforced concretes (FRC) is highlighted based on

a small-scale pavement segment constructed for feasibility
assessment and demonstration purpose. A segment of concrete
pavement with FRC was made with OPC and LC? in Feb 2016
(See Figure 15 (a) & (b)) inside IIT Madras campus. The concrete
mixture was composed of 310 kg/m® binder content and 0.5
water-binder ratio with 15 kg/m3 dosage of hooked end steel
fibres (i.e., about 0.2% by volume of concrete). Both FRCs (OPC
and LC® had a compressive strength of about 32 MPa at 28
days. Figure 15 (c) shows the view of the in-service pavement
segments as on Sep 2019. To characterize the behaviour of the
LC3-FRC concretes, flexural testing was carried out on concrete
used in the pavements as per Nayar et al. (2014) after 28 days of

concreting ™. A typical flexural response of the plain concrete

(a) Concrete pour for a pavement segment with FRC made with LC®.

(c) Integrity of pavement segments in September 2019.

(b) Finished pavement segments with OPC and LC3 concrete in
February 2016.

35 Flexural reponse of spcelmens prepared
with LC3 - FRC used in the pavement segment
30

25
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0 500 1000 4500 2000 2500 3000
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(d) Flexure response of LC3 concrete used in pavement.

Figure 15: Details on FRC pavement segments made with LC? concretes.
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and FRC made with LC? is given in Figure 15 (d). In general,

the behaviour is more typical of the FRC which is expected to
show toughening characteristics or higher energy absorption
capacity in comparison to plain concrete as demonstrated in the
numerous previous works from our laboratory 5411,

7. CONCLUSIONS

Studies conducted over the last six years at lIT Madras
evaluating the robustness of LC? binder have shown that the
new binder is a promising low carbon alternative to meet
the growing demand for cement and concrete in the light of
dwindling resources of slag and fly ash in certain geographical
locations. The knowledge generated can severe as a vital
database for standardization of the calcined clay-limestone
cement and facilitate industrial uptake of this low carbon
technology. More specific conclusions summarising the
performance of calcined clay-limestone binder based on the
results presented in this paper are:

1. Durability performance concerning chloride ingress,
moisture ingress and corrosion resistance was studied. LC?
systems were found to have better resistance (than OPC
and FA30 systems) against chlorides, moisture and chloride-
induced corrosion initiation.

2. The ternary system with cement-limestone-calcined clay
offers an excellent alternative cement for the future with key
benefits for high-performance application in chloride laden
environment. More detailed investigation on carbonation
and carbonation induced corrosion is necessary due to low
clinker content in such binder systems.

3. The LC3 systems exhibited slightly lower chloride threshold
than the OPC and FA30 systems. However, the significantly
lower chloride diffusion coefficient results in a delay in the
time taken for chlorides to build on the steel surface and
in turn is reflected as much longer service life estimates for
chloride exposure.

4. The study puts forward the promising use of the calcined
clay-limestone mixture in producing various grade of
concretes and the compositional robustness to deal
with change in calcined-limestone ratio. The impact of
early refinement of pore structure due to densification of
capillary pore space and a corresponding improvement in
macroscopic properties were identified as the fundamental
driving force for higher formation factor and durability
indices.

5. The positive role of limestone was confirmed based on heat

release, setting and early-age strength development with
calcined clay and fly ash binder. This alteration in strength
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development due to limestone addition was obvious at

all ages for calcined clay-limestone binders. The extent

of benefit in concrete performance was mainly governed
by the choice of SCM (i.e., calcined clay or fly ash). The
calcined clay-limestone binders could accommodate up to
15%-20% finely ground limestone without any reduction in
mechanical and durability characteristics.

Based on the promising results from the LC® Phase-1 project, it
is believed that many areas of application would benefit from
such low carbon cement, considering its high-performance
potential against attack from ionic ingress. One such application
in a concrete pavement is demonstrated based on field
implementation of FRC concretes made with LC?® binder. Lower
carbon footprint and better durability performance with LC?

are seen as major benefits for the cement in further concrete
applications.

ACKNOWLEDGEMENTS

The partial financial support for this work from the Swiss Agency
for Development and Cooperation is gratefully acknowledged.
We gratefully acknowledge the support of Mr. Sreejith

Krishnan and Prof. S. Bishnoi from IIT Delhi, Ultratech Cements
Arakkonam and JK Lakshmi Cements, along with Aakhil, M Tech
from IIT Madras, Siva from MPCEM Lab technician and several
other project staff in Civil Engineering.

REFERENCES

1. Miller SA, John VM, Pacca SA, Horvath A (2018) Carbon
dioxide reduction potential in the global cement industry by
2050. Cem Concr Res 114:115-124.

2. Schneider M, Romer M, Tschudin M, Bolio H (2011)
Sustainable cement production—present and future. Cem
Concr Res 41:642-650.

3. WBCSD, IEA (2009) Cement Technology Roadmap 2009:
Carbon emissions reductions up to 2050. Cem Sustain Initiat
World Bus Counc Sustain Dev 36.

4. Scrivener KL, John VM, Gartner EM (2018) Eco-efficient
cements: Potential, economically viable solutions for a
los-CO2, cement-based materials industry. Cem Concr Res
114:2-26.

5. Scrivener KL (2014) Options for the future of cements. Indian
Concr J 88:11-21.

6. Fernandez R, Martirena F, Scrivener KL (2011) The origin
of the pozzolanic activity of calcined clay minerals: A
comparison between kaolinite, illite and montmorillonite.
Cem Concr Res 41:113-122.




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Tennis PD, Thomas MD a, Weiss WJ (2011) State-of-the-Art
Report on Use of Limestone in Cements at Levels of up to
15 %. Portl Cem Assoc 1-78.

Hooton RD, Nokken M, Thomas MDA (2007) Portland-
Limestone Cement : State of the Art Report and Gap
Analysis For CSA A 3000. Cem Assoc Canada 0-59.

Men G, Bonavetti V, Irassar EF (2003) Strength development
of ternary blended cement with limestone filler and blast-
furnace slag. Cem Concr Compos 25:61-67.

Weerdt K De, Haha M Ben, Le Saout G, et al (2011)
Hydration mechanisms of ternary Portland cements
containing limestone powder and fly ash. Cem Concr Res
41:279-291.

Antoni M, Rossen J, Martirena F, Scrivener K (2012) Cement
substitution by a combination of metakaolin and limestone.
Cem Concr Res 42:1579-1589.

Vance K, Aguayo M, Oey T, et al (2013) Hydration and
strength development in ternary portland cement blends
containing limestone and fly ash or metakaolin. Cem Concr
Compos 39:93-103.

Silva P, de Brito J (2013) Electrical resistivity and capillarity of
self-compacting concrete with incorporation of fly ash and
limestone filler. Adv Concr Constr 1:65-84.

WBCSD, IEA (2018) Technology Roadmap: Low-Carbon
Transition in the Cement Industry.

Ashish DK, Verma SK, Kumar R, Sharma N (2016) Properties
of concrete incorporating sand and cement with waste
marble powder. Adv Concr Constr 4:145-160.

Gettu R, Patel A, Rathi V, et al (2019) Influence of
incorporating supplementary Cementitious materials on the
sustainability parameters of cements and concrete in the
Indian context. Submitt to Mater Struct 52:1-11.

Gettu R, Pillai RG, Santhanam M, et al (2018) Sustainability-
based decision support framework for choosing concrete
mixture proportions. Mater Struct Constr 51:165.

Scrivener KL, John VM, Gartner EM (2016) Eco-efficient
cements: Potential, economically viable solutions for a
low-CO2, cement- based materials industry. United Nations
Environ Program Paris.

Gettu R, Patel A, Rathi V, et al (2016) Sustainability
assessment of cements and concretes in the Indian context:
Influence of supplementary cementitious materials. In:

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sustainable Construction Materials and Technologies.
pp 1-6.

Berodier E, Scrivener K (2014) Understanding the Filler
Effect on the Nucleation and Growth of C-S-H. Jounral Am
Ceram Soc 97:3764-3773.

Kumar A, Oey T, Falzone G, et al (2017) The filler effect: The
influence of filler content and type on the hydration rate of
tricalcium silicate. J Am Ceram Soc 1-13.

Balonis M, Glasser FP (2009) The density of cement phases.
Cem Concr Res 39:733-739.

Matschei T, Lothenbach B, Glasser FP (2007) The AFm phase
in Portland cement. Cem Concr Res 37:551-558.

Matschei T, Lothenbach B, Glasser FP (2007) The role of
calcium carbonate in cement hydration. Cem Concr Res
37:551-558.

1S-1489 (part-2) (1991) IS 1489 Part-2 -Portland pozzolana
cement-specification part 2 Calcined Clay based. Bur. Indian
Stand.

Avet F, Scrivener K (2018) Investigation of the calcined
kaolinite content on the hydration of Limestone Calcined
Clay Cement (LC 3). Cem Concr Res 107:124-135.

Krishnan S, Bishnoi S (2018) Understanding the hydration
of dolomite in cementitious systems with reactive
aluminosilicates such as calcined clay. Cem Concr Res
108:116-128.

Krishnan S, Kanaujia SK, Mithia S, Bishnoi S (2018) Hydration
kinetics and mechanisms of carbonates from stone wastes
in ternary blends with calcined clay. Constr Build Mater
164:265-274.

Muni H, Dhandapani Y, Vignesh K, Santhanam M (2019)
Anomalous early increase in concrete resistivity with
calcined clay binders. In: Calcined Clays for Sustainable
Concrete: Proceedings of 3" International Conference on
Calcined Clays for Sustainable Concrete. pp 1-8.

Yu Z, Ye G (2013) The pore structure of cement paste
blended with fly ash. Constr Build Mater 45:30-35.

Berodier E, Scrivener K (2015) Evolution of pore structure in
blended systems. Cem Concr Res 73:25-35.

Lothenbach B, Le Saout G, Gallucci E, Scrivener K (2008)
Influence of limestone on the hydration of Portland
cements. Cem Concr Res 38:848-860.

THE INDIAN CONCRETE JOURNAL | FEBRUARY 2020




33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Krishnan S, Emmanuel AC, Bishnoi S (2019) Hydration and
phase assemblage of ternary cements with calcined clay
and limestone. Constr Build Mater 222:64-72.

Scrivener K, Martirena F, Bishnoi S, Maity S (2017) Calcined
clay Limestone cements (LC3). Cem Concr Res 1-22.

Bishnoi S, Maity S, Amit M, et al (2014) Pilot scale
manufacture of limestone calcined clay cement: The Indian
experience. Indian Concr J 88:22-28.

Emmanuel AC, Haldar P, Bishnoi S, et al (2016) Second pilot
production of Limestone Calcined Clay Cement (LC 3) in
India : The experience. Indian Concr J 90:57-64.

Dhandapani Y, Santhanam M (2017) Assessment of

pore structure evolution in the limestone calcined clay
cementitious system and its implications for performance.
Cem Concr Compos 84:36-47.

Dhandapani Y, Sakthivel T, Santhanam M, et al (2018)
Mechanical properties and durability performance of
concretes with Limestone Calcined Clay Cement (LC3). Cem
Concr Res 107:136-151.

Pillai RG, Gettu R, Santhanam M, et al (2019) Service life
and life cycle assessment of reinforced concrete systems
with limestone calcined clay cement (LC3). Cem Concr Res
118:111-119.

IS 269 (2015) Ordinary portland cement specification. Bur
Indian Stand 1-14.

Adu-Amankwah S, Black L, Skocek J, et al (2018) Effect of
sulfate additions on hydration and performance of ternary
slag-limestone composite cements. Constr Build Mater
164:451-462.

Dhandapani Y, Santhanam M (2019) Influence of calcined
clay-limestone ratio on properties of concrete with
Limestone Calcined Clay Cement ( LC3). In: Calcined Clays
for Sustainable Concrete: Proceedings of 3" International
Conference on Calcined Clays for Sustainable Concrete.

entz DP, Sato T, de la Varga |, Weiss WJ (2012) Fine
limestone additions to regulate setting in high volume fly
ash mixtures. Cem Concr Compos 34:11-17.

Santhanam M, Dhandapani Y, Gettu R, Pillai R (2019)
Perspectives on Durability of Blended Systems with
Calcined Clay and Limestone. In: Calcined Clays for
Sustainable Concrete: Proceedings of 3" International
Conference on Calcined Clays for Sustainable Concrete.

THE INDIAN CONCRETE JOURNAL | FEBRUARY 2020

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Dhandapani Y, Vignesh K, Raja T, Santhanam M (2018)
Development of the Microstructure in LC3 Systems and
Ilts Effect on Concrete Properties. In: Calcined Clays for
Sustainable Concrete: Proceedings of 2" International
Conference on Calcined Clays for Sustainable Concrete.
pp 131-140.

Archie GE (1942) The Electrical Resistivity Log as an Aid in
Determining Some Reservoir Characteristics. Trans AIME
146:54-62. https://doi.org/10.2118/942054-G.

Snyder KA, Feng X, Keen BD, Mason TO (2003) Estimating
the electrical conductivity of cement paste pore solutions
from OH-, K+ and Na+ concentrations. Cem Concr Res
33:793-798.

Nokken MR, Hooton RD (2007) Using pore parameters to
estimate permeability or conductivity of concrete. Mater
Struct 41:1-16.

ASTM C1202 - 17a (2012) Standard Test Method for
Electrical Indication of Concrete’s Ability to Resist Chloride
lon Penetration. Am Soc Test Mater 1-8. https://doi.
org/10.1520/C1202-12.2.

NT Build 492 (1999) Concrete, mortar and cement-based
repair materials: Chloride migration coefficient from non-
steady-state migration experiments. NordTest 1-8.

International Federation for Structural Concrete (2006) MC-
SLD:2006. Model Code for Service Life Design (CEB-FIB
bulletin No. 34).

ASTM C1585-13, American Society for Testing and Materials
- ASTM, et al (2013) Standard Test Method for Measurement
of Rate of Absorption of Water by Hydraulic-Cement
Concretes. ASTM Int 41:1-6. https://doi.org/10.1520/C1585-
13.2.

Dhandapani Y, Santhanam M (2020) Investigation on

the microstructure-related characteristics to elucidate
performance of composite cement with limestone-calcined
clay combination. Cem Concr Res 129:105959.

Li X, Snellings R, Antoni M, et al (2018) Reactivity tests for
supplementary cementitious materials: RILEM TC 267-TRM
phase 1. Mater Struct 51:1-17.

Lollini F, Redaelli E, Bertolini L (2016) Investigation on the
effect of supplementary cementitious materials on the
critical chloride threshold of steel in concrete. Mater Struct
49:4147-4165.

Rengaraju S, Neelakantan L, Pillai RG (2019) Investigation
on the polarization resistance of steel embedded in highly




resistive cementitious systems — An attempt and challenges. 59. Nayar SK, Gettu R, Krishnan S (2014) Characterisation of
Electrochim Acta 308:131-141. the toughness of fibre reinforced concrete - Revisited in the
Indian context. Indian Concr J 88:8-23.
57. Feliu S, Gonzalez JA, Andrade C (1996) Electrochemical
methods for on-site determinations of corrosion rates of 60. Sivakumar A, Santhanam M (2007) Mechanical properties of
rebars. ASTM Int STP 1276:107-118. high strength concrete reinforced with metallic and non-
metallic fibres. Cem Concr Compos 29:603-608.
58. Santhanam M, Suma F, Dhandapani Y (2017) Sulphate

Resistance of Limestone Calcined Clay Cement. In: The 61. Jose S, Ravindra G (2019) Comparison of flexural toughness
24 ACF Symposium 2017 - Innovations for Sustainable parameters for fibre reinforced concrete from notched and
Concrete Infrastructures. pp 1-5. unnotched beam tests. Indian Concr J 93:23-30.

YUVARAJ DHANDAPANI is currently pursuing his M.S.and Ph.D. degree dual program in Building

Technology and Construction Management Division at Indian Institute of Technology (IIT), Madras. He
holds a Bachelor’s degree in Civil Engineering from RMK Engineering College, Chennai. He is a member of
RILEM and is actively involved in several RILEM technical committees. His research interest includes cement
chemistry, concrete microstructure and durability.

MANU SANTHANAM holds a Ph.D. degree in Civil Engineering from Purdue University, USA. He
has a few years of industrial experience in a construction chemicals company. He is presently working as

a Professor at Indian Institute of Technology (IIT) Madras. His research interests include special concretes,
cement chemistry, durability and non-destructive evaluation.

RAVINDRA GETTU is currently Dean, Industrial Consultancy and Sponsored Research and Prof. V. S.
Raju Chair Professor in the Department of Civil Engineering at the Indian Institute of Technology (IIT), Madras.
His current research interests are in fiber reinforced concrete, the effective use of chemical admixtures, self-
compacting concrete, sustainability, housing and the mechanical characterization of construction materials.
He is currently the President of Reunion Internationale des Laboratories at Experts des Materiaux, Systems
de construction et Ouvrages (RILEM), the International Union of Laboratories and experts in construction
materials, systems and structures.

RADHAKRISHNA G. PILLAI holds M.S. and Ph.D. degree in Civil Engineering from Texas A&M

University, USA. He is an Associate Professor in the Department of Civil Engineering at the Indian Institute of
Technology (IIT), Madras. His research interests include corrosion control and testing, grouting practise, and
precast concrete construction. He is also a Life member of Indian Concrete Institute and a senior member
of Reunion Internationale des Laboratories at Experts des Materiaux, Systems de construction et Ouvrages
(RILEM).

THE INDIAN CONCRETE JOURNAL | FEBRUARY 2020



https://www.researchgate.net/publication/338580406

