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The Experience of Cuba TRC
on the Survey of Kaolinitic Clay Deposits
as Source of SCMs—Main Outcomes
and Learned Lessons

Adrián Alujas Díaz, Roger S. Almenares Reyes, Florencio Arcial Carratalá,
Luis A. Pérez García, Carlos A. Leyva Rodríguez
and José F. Martirena Hernández

Abstract Kaolinitic clays are among the most abundant source of highly reactive
pozzolans and constitute a strategic mineral resource for the development of cements
with high clinker replacement and reduced environmental impact. However, despite
its abundance, suitable kaolinitic clay deposits are frequently uncharted or not prop-
erly identified, due partially to the absence of selection criteria and to the relatively
high mineralogical complexity of kaolinitic clays. In this paper, the main findings
in the accumulated experience of Cuba Technical Regional Center in the search and
assessment of kaolinitic clay deposits are summarized. Through the study of selected
samples from several kaolinitic clay deposits of different geologic origins, the rela-
tionship between chemical and mineralogical composition, and potentialities as a
source of highly reactive SCMs are established, and experience-based guidelines
for the preliminary assessment of kaolinitic clay deposits as a source of SCMs are
proposed.

Keywords Kaolinitic clays · Geological survey

1 Introduction

Clayminerals from the kaolinite group, when properly activated, are among the most
reactive SCMs known to man. Its abundance, low activation temperature and large
thermal activation window in comparison with other clay minerals are advantageous
factors for its processing at industrial scale [1].Moreover, calcination products of clay
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minerals from the kaolinite group are an excellent source of reactive alumina, a par-
ticular feature that allows to increase the volume of clinker substitution while main-
taining mechanical and durability performance by combining alumina-rich phases
with limestone [2].

However, despite its abundance, the excellent potentialities offered by kaolinitic
clay deposits as source of highly reactive SCMs are frequently overlooked, partly
because the approaches for the identification and classification of this type of min-
eral resources obey to criteria derived mainly from the ceramics, paper or pigment
industries, where selection parameters are very rigorous as regards to the absence of
mineral impurities that may affect color and/or plasticity [3, 4]. On the other hand,
the absence of selection criteria adapted to the evaluation of the potentialities of
kaolinitic clay deposits as a source of pozzolanic materials limits their proper iden-
tification and exploitation. The present paper intends to summarize the accumulated
experience of Cuba Technical Regional Center in the search and preliminary assess-
ment of kaolinitic clay deposits as source of SCMs and to propose experience-based
guidelines for the preliminary assessment of kaolinitic clay deposits as a source of
SCMs.

2 Discussion

2.1 Kaolin and Kaolinitic Clays

A common mistake made by even experience professionals when looking for
kaolinitic clays as source of SCMs is not to distinguish properly between kaolin
and kaolinitic clays, both related terms but of a different meaning. Kaolin is a com-
mercial term, coined by the ceramic industry, andmainly used to describe a claystone
comprised mostly kaolinite or related clay minerals, characterized by being white or
nearly white, even when calcined, with its commercial value determined by its white-
ness and particle size [5].Originally prized for its use in themanufacture ofwhiteware
ceramics, nowadays is mainly used in paper coating and filling, and, as a filler in
paints, rubber and plastics and in themanufacture of refractories [6]. Industrial-grade
kaolin deposits are relatively few in number and represent just a small fraction of
global kaolinitic clay deposits, a factor which is reflected in the limited availabil-
ity and relative high prices for metakaolin, the product of calcination of high-grade
kaolin [5].

On the other hand, kaolinitic clay is a much more comprehensive term, as it is
derived from the rock mineralogical composition and not from its industrial value. It
is commonly used to refer to rocks where clay minerals from the kaolinite group are
a dominant portion within its mineralogical constitution, although upper and lower
limits are no well established, and therefore much broader ranges of concentra-
tion for kaolinite minerals are accepted in comparison with industrial-grade kaolin.
Kaolinitic clays are not necessarily white or nearly white, and may contain large
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amounts of other clay and non-clay minerals. Usual mineralogical composition of
kaolinitic clays includes kaolinite and its isochemical polytype nacrite and dickite,
and its relatively common hydrated polymorph halloysite. Other clay minerals that
could be associated with kaolinitic clay deposits are micas, smectites and chlorites.
Iron oxides and hydroxides and aluminum hydroxides are also frequently associated
with kaolinite clay minerals, while quartz and feldspars are common in the coarse
fraction. Depending on its genesis, minor amounts of carbonates, sulfides, sulfates
and phosphates could also be present [7]. The commercial value of kaolinitic clays
as source of SCM is directly related to the content of kaolinite clay minerals in the
rock.

2.2 Geological Survey of Kaolinitic Clays

For minerals that occur in such diverse and heterogeneous environments such as clay
minerals, a representative sampling and an adequate understanding of the character-
istics of the clay deposit are of paramount importance. Any conclusions that may be
derived from the use of the state-of-the-art characterization techniques are meaning-
less unless one is certain that the sample is truly representative of the clay deposit that
it is intended to characterize. Although there are no fixed rules for geological survey,
sampling and exploration of kaolinitic clay deposits, some general considerations
could be useful for readers with a non-geological formation.

Geological research of a clay deposit could be summarized in three stages [8].
First, the information is collected from documental sources and the areas of interest
are identified. It should be taken into account that suitable kaolinitic clay depositsmay
be uncharted or not properly identified, because geological studies and classification
of kaolinite ores have for long been focused just on the finding of high-grade kaolin
deposits. Therefore, the existence of kaolinitic clay deposits appropriated as source
of SCMs is not self-evident and in most case should be deduced from existing data.
Some relevant points to consider at this stage are the local geological features (type
of rocks, soils, landscape morphology) and the reported existence in the area of clay
quarries of kaolin or related denominations (flint clay, fire clay, refractory clay).
For the selection of areas of interest, some additional points related to economical
feasibility should be considered as, for example, distance of the calcination unit from
the clay quarry.

In a second stage, preliminary exploration of the selected areas and a grid of
sampling points should be established, adapted to landscape morphology and trying
to cover all relevant lithological features in order to keep representability during
sampling. Both basic and composite samples are analyzed not only according to
their chemical and mineralogical composition but also in terms of their potential
behavior as pozzolans.

The third stage, geological exploration, is at the same time the most expensive and
the one that provides the higher level of information, and it only makes sense if the
results of the previous stages justify a deeper evaluation of the clay deposit as source
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of pozzolans. To rationalize resources and minimize exploration costs, the size of
the explored area must be selected to comply with the amount of resources that are
needed according to the foreseeing intensity of exploitation. At the end of this stage,
a greater degree of knowledge about mineralogical composition and mineralogical
variability is achieved. This is a key information for a further rational industrial
exploitation of the clay deposit.

Another point that should be considered regarding geology of clay deposits is that,
more often than not, information generated at the field is not properly considered
when samples are analyzed at the laboratory. However, for such a complex material
such as clays, this information should be not only preserved but actively used when
interpreting the results of characterization techniques. Kaolinitic clays may occur in
a large variety of geological environments, each one determining the mineralogical
composition of the sample and indirectly influencing its pozzolanic reactivity when
calcined. Therefore, an in-deep knowledge of the genesis and geological features of
the clay deposit is very useful when designing sample preparation procedures and
analyzing the results.

One of the most common kaolinitization processes is that related to hydrothermal
alteration zones of rocks with acid/acid-medium composition, where surface rocks
have undergone a transformation process resulting from the action of hydrothermal
fluids that ascend to the surface by existing faults in the upper crust. The type of
minerals formed hereby is dependent on a series of parameters such as composition
of the parent rock, temperature, chemical composition and pH of the hydrothermal
fluids, and distance to the heat source. All these factors put together give rise to a
zoning pattern characteristic of this type of geological environment. Specifically, the
formation of clay mineral from the kaolinite group is favored under acidic conditions
and relatively moderate temperatures [9]. Among theminerals of the kaolinite group,
it is not uncommon to find nacrite and dickite. Relatively high contents of sulfides
and aluminum sulfates such as alunite could be found, depending on the distance to
the heat source [5]. Occurrence of iron oxides or hydroxides will depend on their
content in the parent rock. Many industrially valuable high-grade kaolin deposits are
associated with this type of geological environment.

Weathering is maybe the most important route for the formation of kaolinitic
clays at a global scale. In these processes, the most soluble components of rocks,
such as alkalis, are leached out, while the most insoluble components, such as iron
and aluminum oxides and hydroxides, remain. Weathering-related kaolinitization
is especially favorable in tropical and subtropical climatic zones, where abundant
rainfall and high temperatures favor the development of weathering crusts that could
reach thicknesses of tens of meters of useful kaolinite content [10]. In these types
of clay deposits, mineralogical composition is variable over depth, obeying to the
sequence ofweathering phenomena.Kaoliniteminerals appear associated, especially
at surface levels,with iron and aluminumoxides and hydroxides; hence, they are often
reddish in color. Toward the bottom of the profile, there is usually an increase in the
content of 2:1 clays, which is partially related to the drain of solutions rich in alkaline
and alkaline earth ions [10]. Due to its complex mineralogical composition and usual
presence of iron-rich phases, these clay deposits are usually considered to have low
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industrial value, as regards to the traditional industrial applications of kaolinitic clays.
In somecases,weathering could be superimposedover hydrothermal alteration.Thus,
some kaolinitic clay deposits have a mixed origin, first a primary alteration occurs
through hydrothermal routes, and then weathering of the hydrothermally altered rock
continues the kaolinitization process.

Another important environment for the formation of kaolinitic clay deposits is that
related to flood plains, deltas, among others, where fine-grain sediments could be
redeposited.Kaolinitic clay deposits could also be formedby transport and deposition
of fine-grain sediment by fluvial currents, glaciations or related phenomena, slowly
forming large depositswith relatively high kaolinitemineral content. This type of clay
deposits usually has a layer structure, with a variable mineralogical composition as
a function on the depth [5]. At the contrary of primary kaolinitization environments,
sometimes the presence of these secondary kaolinitic clay deposits could not be
related to its surrounding geological environment because the sediments could be
dragged out hundreds of kilometers from its source before being redeposited.

2.3 Identification of Criteria

The absence of selection criteria adapted to the evaluation of kaolinitic clay deposits
as a source of raw materials for obtaining pozzolanic materials is a major limitation
for their identification and industrial exploitation. Although there are currently no
specific criteria that respond to the use of kaolinitic clays as a source of SCMs, a
minimum content of kaolinite clay minerals of 40% has been proposed by several
authors [11, 12], including the authors of this paper, based on the minimum content
of reactive material needed to achieve amechanical performance comparable to OPC
by a 30% substitution of OPC by calcined kaolinitic clay or by a 50% substitution of
clinker by a calcined clay–limestone addition in a limestone–calcined clay cement
(LC3) [12].

The direct relationship between mineralogical and chemical compositions has
been successfully used in the past to establish selection criteria of a given mineral
resource for a specific technological application [13, 14]. Instead of mineralogical
composition, chemical composition is easier to use when dealing with most of the
existing local geological databases, due to the fact that they often include quantita-
tive chemical composition of sampling points, while just qualitative mineralogical
description is offered in most cases. Minerals of the kaolinite group are distinguished
from other clay or non-clayminerals by their high contents of Al2O3, highAl/Si ratio,
relatively high loss of ignition (LOI), associated with the dehydroxilation process of
the clay minerals, and low alkali content, since these elements are normally lixivi-
ated during kaolinitization process [9]. The relation between the above-mentioned
chemical parameters and the content of clay minerals from the kaolinite group,
calculated on dry weight basis, is depicted in Fig. 1 for 20 clay deposits of differ-
ent geological origins. From this comparison, the following chemical constraints
could be established for the selection of a suitable kaolinitic clay, likely to contain
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Fig. 1 Relationship between chemical composition and content of clay minerals from the kaolinite
group

at least 40% of kaolinite clay minerals: (i) % Al2O3 > 18.0, (ii) Al2O3/SiO2 > 0.3,
(iii) % LOI > 7.0 and (iv) % Na2Oeq < 3.0. It is important to point out that, for a
successful selection process, all the above-mentioned criteria should be fulfilled as
a whole and not just individually.

Other chemical criteria should be also developed related to the potential harmful
companion minerals. The presence of relatively moderate amounts of calcite may
adversely affect the pozzolanic reactivity of the calcined clay if it is calcined at
temperatures above 800 °C, due to the formation of alumina-rich, non-crystalline
phases of low specific surface [15, 16]. In the case of sulfides or sulfates, such as
pyrite or alunite, its partial overlapping with the decomposition process of kaolinite
clay minerals may negatively affect its dehydroxilation kinetics [17]. Moreover, its
presence in the raw materials is also related to the unwanted emission of SOx gases
during the thermal activation process. Therefore, it is proposed to limit both the
CaO and the SO3 values to a maximum of 3.0%. As for iron-rich phases, as could be
observed inFig. 1, its contentmoveswithin awide range, independently of the content
of kaolinite minerals. Therefore, for kaolinitic clays, contrary to what is normally
believed, the color of the clay is not related to its useful kaolinite content. While it
is true that a reddish color of the cement by the addition of iron-rich pozzolans is
usually undesirable, this is a criterion that varies greatly depending on the regional
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culture or on the merchandizing strategy. Moreover, development of color in iron-
rich materials is a process that could be addressed by using appropriate calcination
technologies [18].

The above-stated criteria about the use of kaolinitic clays as a source of pozzolans
are much more flexible if compared with the chemical requirements established for
current main industrial applications of kaolinitic clays [14]. Several conclusions
could be drawn from this comparison: (I) It is possible to find materials suitable
as a source of pozzolans among the mining tails of kaolinitic clay quarries already
closed or currently under operation that were or are dedicated to the supply of raw
materials for the ceramic, refractory or paper industry; (II) suitable materials may
occur naturally in some sectors nearby the existing area of exploitation, since these
sectors are often found and rejected in the preliminary geological exploration by not
complying with the chemical requirements of the current industrial use of kaolinitic
clays; (III) given their lower requirements in terms of chemical and mineralogical
composition, kaolinitic clay deposits suitable to be used as a source of SCMs should
be much more abundant in comparison with industrial kaolin deposits. However, it is
important to keep inmind that the use of chemical criteria, although allows to identify
suitable candidates, is not, per se, a sufficient criterion, and further mineralogical
analysis is needed to complete the selection process, once the preselected candidates
have been narrowed to a reasonable number.

3 Conclusions

To describe those clay deposits suitable to be used as source of SCMs, kaolinitic
clay is a much more comprehensive term than the industrial coined kaolin, as it is
derived from the rockmineralogical composition and not from its industrial value for
a specific application. The commercial value of kaolinitic clays as source of SCM is
directly related to the content of kaolinite clay minerals in the rock.

Due to the high mineralogical complexity of clay deposits, to guarantee mean-
ingful results when characterizing point samples and to assure a proper and rational
exploitation of the deposits, general stages for geological research should be fol-
lowed, and geological information should be used as an additional criterion to have
sound results.

The direct relationship between mineralogical and chemical compositions could
be successfully used to identify kaolinitic clay deposits suitable to be used as source of
SCMs. Key chemical criteria are related to the percent of Al2O3, LOI (proportionally
related to kaolinite clay minerals) and alkalis (inversely related to kaolinite clay
minerals). The color of the clay or the iron-rich phase content is not related to its
useful kaolinite content.

The chemical criteria used to define the suitability of kaolinitic clays as a source
of pozzolans are much more flexible when compared to the chemical requirements
established for current main industrial applications of kaolinitic clays. Therefore,
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suitable kaolinitic clays include not only those related to unexplored clay deposits
but also the mining tails or previously rejected areas of kaolinitic clay quarries used
as source of high-grade kaolin.

References

1. Tironi, M., Trezza, A., Scian, E.: Irassar, Kaolinitic calcined clays: factors affecting its
performance as pozzolans. Constr. Build. Mater. 28, 276–281 (2012)

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

3. Chandrasekhar, S., Ramaswamy, S.: Influence of mineral impurities on the properties of kaolin
and its thermally treated products. Appl. Clay Sci. 21, 133–142 (2002)

4. Murray, H.: Industrial Clays Case Study, IIED andWBCSD.MMSD-IndianaUniversity (2002)
5. Pruett, R.J.: Kaolin deposits and their uses: Northern Brazil and Georgia, USA. Appl. Clay

Sci. (2015)
6. Brigatti, M.F., Galan, E., Theng, B.K.G.: Structures and mineralogy of clay minerals. In:

Bergaya, F., Theng, B.K.G., Lagaly, G. (eds.), Handbook of Clay Science. Developments in
Clay Science, vol. 1, 1st edn., pp. 19–86. Elsevier Ltd., Amsterdam (2006)

7. Dill, H.G.: Kaolin: soil, rock and ore from the mineral to the magmatic, sedimentary, and
metamorphic environments. Earth Sci. Rev. (2016)

8. Arcial, F.: Informe de exploración detallada de caolín La Loma y orientativa de Bañadero y
Loma Sur. Instituto de Geología y Paleontología, La Habana, Cuba (2007)

9. Galán, E.: Genesis of clayminerals. In: Bergaya, F., Theng, B.K.G., Lagaly, G. (eds.) Handbook
of Clay Science, 1st edn, pp. 1129–1161. Elsevier Ltd., Amsterdam (2006)

10. Righi, D., Meunier, A.: Origin of clays by rock weathering and soil formation. In: Velde, B.
(ed.) Origin and Mineralogy of Clays, pp. 43–161. Springer, Berlin Heidelberg (1995)

11. Alujas, A., Fernández, R., Quintana, R., Scrivener, K.L., Martirena, F.: Pozzolanic reactivity
of low-grade kaolinitic clays: influence of calcination temperature and impact of calcination
products on OPC hydration. Appl. Clay Sci. 108, 94–101 (2015)

12. Avet, F., Snellings, R., Alujas, A., Ben,M., Scrivener, K.: Development of a new rapid, relevant
and reliable (R3) test method to evaluate the pozzolanic reactivity of calcined kaolinitic clays.
Cem. Concr. Res. 85, 1–11 (2016)

13. U.S. Geological Survey: Mineral commodity summaries 2017: U.S. Geological Survey,
Virginia, USA (2017)

14. Díaz, A., Ramírez, J.: Compendio de rocas y minerales industriales en el Perú, INGEMMET,
Boletín, Serie B: Geología Económica 19, 482 (2009)

15. Trindade, M.J., Dias, M.I., Coroado, J., Rocha, F.: Mineralogical transformations of calcareous
rich clays with fi ring: a comparative study between calcite and dolomite rich clays from
Algarve, Portugal. Appl. Clay Sci. 42, 345–355 (2009)

16. Traoré, K.: Structural transformation of a kaolinite and calcite mixture to gehlenite and
anorthite. J. Mater. Res. 18, 475–481 (2003)

17. Lozano,A., Antoni,M.: Evaluation of calcined clays fromBoyaca-Colombia containing alunite
as Supplementary Cementitious Materials. In: Martirena, F., et al. (eds.), Calcined Clays for
Sustainable Concrete, RILEM Bookseries, vol. 16, pp. 286–292 (2017)

18. Lemke, J., Berger, C.: Thermal processing of calcined clay. In: Martirena, F., et al. (eds.),
Calcined Clays for Sustainable Concrete, RILEM Bookseries, vol. 16, pp. 286–292 (2017)



Potential of Selected South African
Kaolinite Clays for Clinker Replacement
in Concrete

Emmanuel S. Leo and Mark G. Alexander

Abstract Growth of the world’s population is projected to add 2.5 billion people to
the urban population by 2050, with nearly 90% of the increase concentrating in Asia
and Africa. This will result in an immense demand for urban concrete infrastructure,
leading to more global anthropogenic carbon-dioxide emissions. The most promis-
ing strategy for Africa entails the partial substitution of Portland cement clinker with
additions of kaolinite clay and limestone to make cement and concrete. Kaolinite
content is an important indicator of clay suitability. Results obtained by X-ray fluo-
rescence, X-ray diffraction and thermogravimetric analysis indicate the potential of
clay from two South African sources for clinker replacement in cement and concrete,
showing that one source is very suitable, while the other is not.

Keywords Kaolinite clay · Calcination · Clinker replacement

1 Introduction

Theproduction process of plainPortland cement (PC) involves grinding and calcining
a mixture of limestone (>60%) and clay to form clinker, at high temperatures of
about 1450 °C. This process generates about 900 kg of CO2 per ton of clinker [15].
Currently, it is estimated that the manufacture of cement contributes about 8% of
global anthropogenic CO2 emissions [4, 20, 22], and about 40% of cement that is
produced is used to make concrete [27].

According to theUnitedNations [32], the overall growth of theworld’s population
is projected to add 2.5 billion people to the urban population by 2050, with almost
90%of the increase concentrating inAsia andAfrica.At the same time, the proportion
of the world’s population living in urban areas is expected to reach 66% by 2050.
For Africa, the proportion is estimated to reach 56% by 2050, South Africa and
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Tanzania being among the top 10 contributors to population increase [31]. This will
result in an immense demand for urban infrastructure including housing, sewerage
networks, marine infrastructure such as ports and transport infrastructure such as
bridges. These structures are usually made of concrete as it is a relatively low-
cost durable construction material with an intrinsically low environmental impact.
However, due to the anticipated high demand for concrete, it will contribute more to
global CO2 emissions. Therefore, Africa has a role in ensuring a significant reduction
of global CO2 emissions through the use of low-clinker cements in concrete.

It is believed that PC will continue to dominate in the coming decades due to
[27]: (i) the economies of scale which results in low-cost cement, (ii) the widespread
availability of raw materials; (iii) ease of use enabled by workability time before set-
ting; and (iv) confidence in long-term durability based on prolonged usage of these
cements. In view of this, a very effective strategy to reduceCO2 emissions is to substi-
tute some of the PC clinker with supplementary cementitious materials, abbreviated
as SCMs, which also improve the durability of the concrete [13, 17, 25, 26].

The most widely used SCMs, granulated blast furnace slag and fly ash, are limited
worldwide, especially in most African countries [15, 24, 27, 29]. In Tanzania, there
are no sources of fly ash or slag, although there are certain volcanic ashes available
in Mbeya, Moshi and Arusha regions [16]. In South Africa, there are large amounts
of fly ash generated by burning coal to produce electricity. However, the burning of
coal to produce electricity is also the largest source of CO2 emissions [23, 27], so in
the long term the availability of fly ash is also in doubt. On the other hand, Africa has
abundant reserves of clays, which when calcined, make extremely good SCMs [2, 9,
26]. Kaolinite clays produce reactive minerals when calcined to around 800 °C [12].
The use of calcined kaolinite clay in concrete reduces the amount of energy used
in the production of clinker and CO2 emissions. Energy saving occurs because the
calcination temperature of clays is lower than that of clinker and they are also easy
to grind. On the other hand, a great quantity of CO2 is emitted in the decomposition
of limestone during clinker production, whereas calcination of kaolinitic clays emits
only water vapour. Moreover, the high-alumina content of calcined kaolinite clays
makes them particularly suitable for co-substitution with limestone to replace clinker
in cement or concrete [5]. This means that with this combination, it is possible to
have a more sustainable and durable concrete for future projects. Figure 1 shows the
estimated availability of common SCMs that have been used in concrete mixes.

Potential selected deposits of kaolinite clay in South Africa and Tanzania are
given in Table 1. The Pugu deposit is believed to be the largest in Africa [1]. For this
project, only South African clays were sourced initially, but the intention is also to
source Tanzanian clays later.
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Fig. 1 Estimated availability
of SCMs versus amount of
cement produced [27]

Table 1 Potential selected kaolinite clay deposits in South Africa and Tanzania

Country Deposit—Location Estimated amount

South Africa [10, 11, 14] Hopefield—Western Cape 500 million tons

Grahamstown—Eastern Cape 60 million tons

Bronkhorstspruit—Gauteng >35 million tons

Tanzania [11, 18] Pugu—Kisarawe Coast Region 2 billion tons

Matamba—Makete Njombe Region 56 million tons

Malangali—Mufindi Iringa Region Unknown

2 Materials and Methods

Thus, the objective of this paper was to study the suitability of the clay fromGraham-
stown (G-Clay) and Bronkhorstspruit (B-Clay) deposits for clinker replacement in
concrete. A sample of G-Clay graded as Kaolin A was supplied to the University of
CapeTown (UCT) bySerinaTrading, and a sample ofB-Claywas supplied toUCTby
AfriSam. G-Clay was beneficiated to produce a clean, off-white, low iron and high-
alkali content product. Both clays had particle size d90 < 45 µm. Before carrying
out measurements, both samples were dried at 200 °C for 24 h to remove mois-
ture. Chemical compositions of both clays were obtained using Panalytical Axios
wavelength-dispersive XRF spectrometer and are presented in Table 2.

X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were used to
determine the mineralogical composition of clay. XRDmeasurements were obtained
using Bruker D8 Advance powder diffractometer with Vantec detector and fixed
divergence and receiving slits with Co-Ka radiation. To improve data quality, XRD
measurements were taken for 90 min. The phases were identified using Bruker
Topas 4.1 software and the relative phase amounts were estimated using the Rietveld
method. A SDT 650 TA instrument was used to investigate thermal behaviour of
the clays. Thermogravimetric measurements were taken from room temperature to
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Table 2 Chemical composition and LOI for the G-clay and B-clay

Sample SiO2
(wt%)

TiO2
(wt%)

Al2O3
(wt%)

Fe2O3
(wt%)

MnO
(wt%)

MgO
(wt%)

CaO
(wt%)

Na2O
(wt%)

B-clay 51.52 1.57 31.59 1.14 0.07 0.46 1.64 0.25

G-clay 68.53 0.77 20.58 0.52 0 0.27 b.d 0.38

Na2O
(wt%)

K2O
(wt%)

P2O5
(wt%)

SO3
(wt%)

Cr2O3
(wt%)

NiO
(wt%)

H2O
(wt%)

LOI
(wt%)

Total
(wt%)

0.25 0.35 0.12 0.06 0.02 0.01 0.08 11 99.9

0.38 2.74 0.02 b.d 0.01 0.01 0.06 5.15 99

“b.d.” is an abbreviation of “below detection” meaning that the concentration of the element was
too low to quantify (generally <0.01 wt% for major elements)

1000 °C, at a heating rate of 10 °C/min, using alumina crucibles with no lids under a
10 ml/min flow of nitrogen gas. The mass change over the kaolinite-dehydroxylation
interval was used to determine the kaolinite content of the clay.

3 Results and Discussions

It has been indicated that a suitable clay for clinker replacement should have a
kaolinite content of at least 40%, and secondary minerals have less influence on the
reactivity of the clay [3, 6, 7]. This means that kaolinite content is an important
indicator of clay suitability. As for the case of SCM in the first days of the mix,
the presence of secondary minerals such as quartz also contributes in offsetting the
initial hydration reaction of the clinker components by filler effect [19, 21]. Chemical
composition of clay obtained by XRF can give an indication of the suitability of the
clay. However, the presence of other minerals in the clay may affect the results of
chemical composition. Therefore,more conclusive results can be obtained fromTGA
and quantitative XRD (QXRD).

3.1 G-Clay

The results of TGA and QXRD for the sample of G-Clay are presented in Figs. 2 and
4, respectively. The TGA curve shows that there is a negligible mass loss between
room temperature and 200 °C due to dehydration. The endothermic peak on the
DTG curve also confirms this. The endothermic peak between 400 and 600 °C with
a maximum peak at 498 °C corresponds to the dehydroxylation of kaolinite and
the formation of metakaolin [3, 12, 28, 30]. From the TGA curve, the mass change
over the kaolinite-dehydroxylation interval (400–600 °C) is 4.2%. From this mass
loss and the molecular weights of kaolinite and water, the percentage of kaolinite is
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Fig. 2 TGA and DTG curves of the sample of G-clay

estimated at 30.1%. Loss of mass after 600 °C is related to the dehydroxylation of
illite [12]. The mass gain after 850 °C as can be seen on the TGA curve corresponds
to the transformation of metakaolin to form spinel [8].

3.2 B-Clay

The results of TGA and QXRD for the B-Clay are presented in Figs. 3 and 5, respec-
tively. As in the case of G-Clay, there is a negligible mass loss between room temper-
ature and 200 °C due to dehydration. The endothermic peak is maximum at 506 °C.
From the TGA curve, the mass change over the kaolinite-dehydroxylation interval
(400–600 °C) is 9.6%. From this mass loss, the percentage of kaolinite is estimated
at 68.8%. The mass gain after 800 °C as can be seen on the TGA curve corresponds
to the formation of spinel [8]. This is also confirmed by the endothermic peak at
950 °C on the DTG curve (Fig. 4).
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Fig. 3 TGA and DTG curves of the sample of B-clay

Fig. 4 XRD pattern of the sample of G-clay

4 Conclusion

Kaolinite clays from Grahamstown and Bronkhorstspruit deposits in South Africa
were studied for their potential application in cement or concrete. According to the
results, both clays are composed mainly of quartz, kaolinite and muscovite/illite. In
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Fig. 5 XRD pattern of the sample of B-clay

general, the XRF results are in good agreement with the mineralogical composition
obtained by QXRD and TGA.

Currently, clay from the two deposits is not used in the cement and concrete
industry. It has been pointed out that a suitable clay for clinker replacement is one
with a kaolinite content of at least 40%. In this case, the B-Clay has about 70%
kaolinite content based on TGA and QXRD results, making it potentially suitable to
be used in cement and concrete. By contrast, the G-Clay has about 30.1% kaolinite
content from TGA and 24.9% from QXRD results and therefore is not suitable for
use in cement and concrete.
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Potential for Selected Kenyan Clay
in Production of Limestone Calcined
Clay Cement

Joseph Mwiti Marangu, Kyle Riding, Anfal Alaibani, Abla Zayed,
Joseph Karanja Thiong’o and Jackson Muthengia Wachira

Abstract The potential for calcined clay, and in particular Limestone Calcined Clay
Cement (LC3), to be used in concrete in Kenya was examined in this study. Loca-
tions of clay sources and existing mining infrastructure were examined for potential
development. Potential sources of clay were obtained and characterized for kaolinite
content and reactivity. Results showed that there is significant potential for develop-
ment and use of calcined clays in Kenya. Product development issues going forward
in Kenya is also discussed.

Keywords Cement · Clay · Compressive strength · Limestone · Pozzolana

1 Introduction

There is an increasing demand for affordable housing in most part of the world.
Cement accounts for more than 50% of the total cost of construction materials used
in housing. Commercial Ordinary Portland Cement (OPC) is expensive cement due
to the fact that energy in excess of 1300 °C is required during the clinkerization
process. This has made OPC unaffordable in many developing countries, Kenya
being one of them. Majority of the citizens in developing countries, especially where
the governments do not have an established housing and shelter system, cannot afford
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the cement, which is a major building binder for housing and construction [1]. This
has led to the mushrooming of urban slums such as Kibera, Mukuru kwa Njenga,
Mathare, Kawangware, Huruma and Korogocho in Nairobi-Kenya among others.
There is an increasing demand for decent housing as the shanty houses pose various
health challenges such as jigger menace [1].

During hydration ofOPC, it is estimated thatmore than 20%of calcium hydroxide
(CH) is produced. CH present in hydrated cement forms a weak point of attack
that makes the structure susceptible to degradation especially in the presence of
aggressive media such chlorides, sulfates, carbon dioxide and water among others.
The blending of supplementary cementitious materials (SCMs) with OPC to produce
blended cements has been reported to increase the overall compressive strength
of cement, though often after a longer period of curing than it is for plain OPC.
SCMs such as calcined clays have been found to consume CH produced during
hydration of cement to form secondary calcium-silicate-hydrate (C-S-H). C-S-H is
a cementitious compound which is mainly responsible for strength in cementitious
materials. The formation of additional C-S-H as a result of pozzolanic reaction also
reduces the permeability of the hydrated cementmatrix. Reduced permeability results
in decreased ingress of the aggressive ions such as chlorides [2] and carbon dioxide
[3] into the cement mortar. Calcined clays also improve thermal resistance in blended
cements [4] which results in increased durability.

In Kenya, Portland Pozzolana Cement (PPC) is the main blended cement used
for various construction activities. The PPC is made from volcanic ash also known
as Kenyan Tuff as pozzolana. This has resulted in massive agglomeration of cement
industries in Athi River town in Kenya. Transportation of manufactured cement to
other parts of Kenya has also resulted in increased cement prices. Moreover, the
availability of volcanic ash is low compared to that of clays. The present study
aimed at investigating the potential of selected clays from Kenya for production of
Limestone Calcined Clay Cement (LC3). The cement is potentially affordable in
Kenya due to low clinker content and abundance of raw materials such as clay and
limestone. LC3 is also eco-friendly since it can effectively reduce the CO2 emissions
by 30% [5].

2 Materials and Methods

2.1 Materials

Raw clays were sampled from three different sites located within Mukurweini in
Nyeri County in Kenya. From each sampling site, about 5 kg of clay was obtained at
a depth of 30mbelow theground level. The sampled claysweremechanically blended
to form a homogeneous mix. Limestone and clinker were supplied by East Africa
Portland Cement Company (EAPCC) located in Athi River in Kenya. The chemical
composition of raw clay, limestone and clinker obtained from X-ray fluorescence
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Table 1 Chemical composition of clay, limestone, clinker and gypsum

Oxide Oxide composition (%)

Clinker Raw clay Limestone Gypsum

SiO2 22.88 64.79 6.38 2.56

Al2O3 5.44 29.93 0.45 0.88

Fe2O3 3.85 2.36 0.30 0.82

CaO 62.52 0.18 61.13 35.56

MgO 1.03 0.27 27.89 1.86

SO3 2.06 0.31 0.00 39.97

K2O 0.7 1.08 0.10 0.04

Na2O 0.21 0.17 0.20 0.07

H2O 2.22

Sum (SiO2 + Al2O3 +
Fe2O3)

97.08

Loss on ignition (LOI) 0.88 12.88

Table 2 Description of OPC, PPC and LC3 materials

Cement type Description

OPC Ordinary Portland Cement (OPC) [42.5 N/mm]. OPC was prepared by blending
and inter-grinding of clinker and 5% gypsum in a laboratory ball mill

PPC Portland Pozzolana Cement (PPC) [32.5 N/mm] commercially available in
Kenya. Prepared by inter-grinding of clinker, volcanic ash (Kenya Tuff) and
gypsum in a laboratory mill

LC3 Was prepared by blending of 50% of clinker, 30% of ground calcined clay, 15%
limestone and 5% gypsum inter-ground in a laboratory ball mill

(XRF) analysis is presented in Table 1. The description OPC, PPC and LC3 materials
used in this work is given in Table 2.

2.2 Methods

The sampled clay was heated in an electrical muffle furnace at 850 °C for one hour.
The calcined clay was then allowed to cool to room temperature. The cooled clay
was finely ground in a laboratory ball mill to ensure that more than 90% of the clay
particles had particle size less than 45 µm.
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Samples of oven-dried and calcined clay were prepared for the thermogravimetric
analysis (TGA). An approximately 51 mg of each sample was placed on 150 µL
aluminum crucible and enclosed in gas tight furnace with nitrogen as the purging gas
with a rate of 30–50 mL/min the samples were heated from 30 to 950 °C at a rate of
20 °C/min.

R3 test approach was used to evaluate the pozzolanic reactivity of the calcined
clay. Mixture ingredients of calcined clay, portlandite and limestone as a binder
were prepared with a mixing solution of deionized water, potassium hydroxide and
potassium sulfate. The ingredient was prepared with a portlandite to calcined clay
ratio of 3, portlandite to binder ratio of 1/9, and deionized water to binder ratio of 1.2.
Prior to mixing all ingredients were stored overnight at 40 °C. Using the overhead
mixer, duplicate samples of paste were mixed for 2 min at 1600 rpm and 15 g of the
paste was casted in a sealed glass vial and placed inside the isothermal calorimeter
(TAM Air) for 13 days at 40 °C to measure the cumulative heat of reaction.

Mortar prisms measuring 160 mm × 40 mm × 40 mm were prepared using the
LC3 test cement. The mortar prisms were placed in a humidity cabinet maintained at
a temperature of 22 ± 1 °C for 24 h. After 24 h, the mortar prisms were demolded,
marked for identification purposes and immersed in water contained in a curing tank.
Compressive test were conducted at 1, 3, 7 and 28 days of curing.

3 Results and Discussion

The analysis results of the raw clay show that between 500 and 600 °C, there is an
endothermic peak where the dehydroxylation process went through. Assuming that
pure kaolinite has a mass loss of 13.95% [6] during complete dehydroxylation, the
TGA results show that the clay has a kaolinite content of 54.4%. The calcined clay
showed no dehydroxylation in TGA which means that the clay was activated and
fully calcined (Fig. 1).

The R3 test results and the amount of heat released shown in Fig. 2 showed the
pozzolanic reactivity in the calcined clay. While the heat developed is lower than
that observed for other calcined clays with similar percentages of kaolin clay [7], the
clay still showed adequate performance for use in LC3 mixtures.

The compressive test results obtained after curing of mortar prisms for 1, 3, 7
and 28 days are presented in Fig. 3. The LC3 mixture showed higher strength than
the currently used pozzolan in the Kenyan market, showing its potential to improve
the economics and durability of Kenyan concrete. The compressive strength was
observed to increase with increased curing. This could be attributed to continue
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Fig. 1 DTG analysis of raw and calcined clay

hydration process taking place in the cements as a result of curing. The compres-
sive strength of OPC was observed to be higher than that of blended cements (LC3

and PPC) since the latter contains lower proportions of C3S and C2S, which upon
hydration produce C-S-H.



24 J. M. Marangu et al.

Fig. 2 Cumulative heat flow for calcined clay at 40 °C

Fig. 3 Compressive strength results

4 Conclusions

In conclusion, the LC3 mortars were found to exhibit higher compressive strength
than commercial PPC. On the basis of kaolin content, pozzolanic activity and com-
pressive strength, LC3 is therefore a potentially viable cementitious material for
local manufacture in Kenya. Future work will focus on material durability and in
demonstration projects of LC3 to encourage its production and use.
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Feasibility Study for Calcined Clay Use
in the Southeast USA

Brandon Lorentz, Hai Zhu, Yuriy Stetsko, Kyle A. Riding and Abla Zayed

Abstract The Southeast USA contains very large reserves of clay that could be
used for supplementary cementitious material (SCM) production. A feasibility study
has been performed recently to determine the viability of this clay for use as an
SCM. Samples were taken from currently operating mines in Florida and analyzed
for clay content, particle size, reactivity, and strength development potential. This
paper discusses results with a focus on clay quality, material processing needs for
use, and availability.

Keywords Supplementary cementitious materials · Calcined clay · Specifications

1 Introduction

There exists a plethora of clay resources spanning the Southeast USA, especially
in the state of Florida where kaolin may be found in large quantities among other
minerals. Low-purity clays with kaolin mineral contents as low as 40 wt% in the
presence of limestone yield cements with excellent strength and durability perfor-
mance [1]. However, amorphous content, chemical, and mineralogical composition,
and calcination temperature of the clay can affect the quality of the resulting poz-
zolanic material. In Florida, low-quality kaolin clays are predominantly sold for
brick manufacturing, road, and construction base materials, or mined as overburden
during the excavation of sand, limestone, dolomite, and other natural minerals [2].
These clays are accompanied by large quantities of sand of various composition and
size. This study examined availability, processing requirements, and use of Florida’s
kaolin clays as SCMs in terms of mineralogy, reactivity, and compressive strength.
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2 Materials and Methods

2.1 Sample Collection and Characterization

Geological reports and databases that document clay resources across the state of
Florida are available [3–6]. The Florida Department of Environmental Protection
maintains the integrated habitat network (IHN) [7] with a 2D graphical interface
that maps out the natural and anthropogenic geological resources of the state. Sites
were analyzed and noted as possible locations were kaolin clays may exist in large
quantities or as auxiliary minerals to the more dominantly present materials such
as sand, limestone, fuller’s earth, dolomite, phosphate, and fill materials. Sampling
and full characterization of any materials of interest were necessary to get detailed
material compositions.

Roughly 1 kg of each sample as received from the field was wet sieved through
sieve No. 325. The passing and retained materials were dried of free water at 110 °C
in a box furnace until constant mass was achieved and deemed each samples’ clay
and sand fraction, respectively. 30 clays were excavated from 13 active and inactive
mining locations across Florida with various mineralogies and physical character-
istics. Each sample was crushed, mixed, and dried in a box furnace at 110 °C until
constant mass. All samples were then sieved with a No. 325 (45 μm) sieve and ana-
lyzed using X-ray diffraction (XRD) to screen samples for further study. XRD scans
were according to ASTM C1365 [8] using a Phillips X’Pert PW3040 Pro diffrac-
tometer equipped with an X’Celerator Scientific detector and a Cu-KαX-ray source.
Tension and current were set to 45 kV and 40 mA, respectively; 5 mm divergence
and anti-scatter slits were used in the automatic mode. Scans were collected for the
4°–70° 2θ angular range, and the sample was rotated at 30 rpm during scanning.
Corundum (standard reference material 676a) obtained from the National Institute
of Standards and Technology (NIST) was used as the external standard. The mass
absorption coefficient (MAC) of corundum was 30.91 cm2/g. MAC values for the
clays were calculated based on their respective elemental oxide compositions. Loss
on ignition content was attributed to release of water. The collected diffraction pat-
terns were analyzed using HighScore Plus v. 4.5 for phase identification and Rietveld
refinement. The following parameters were refined during Rietveld analysis: scale
factors, lattice parameters, zero shift, fifth-order regular polynomial for background
fitting, preferred orientation for all kaolin-group phases in the (001) direction, peak
shape parameters w, coordinates of atoms, and a defined Fe–Al substitution parame-
ter x [9]. The value of the substitution parameter, x, was controlled by comparison of
the amount of the main oxides, SiO2, Al2O3, and Fe2O3, determined by the Rietveld
analysis with that of the XRF analysis.

For 10 samples selected for further analysis, X-ray fluorescence (XRF) was per-
formed according toASTMC114 and thermogravimetric analysis (TGA). TGAmea-
surements were performed using a SDT Q600 series simultaneous TGA/differential
scanning calorimeter (DSC) manufactured by TA Instruments. Approximately 5 mg
of each sample was scanned in an open alumina crucible in a nitrogen atmosphere
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using a heating rate of 20 °C/min to 1000 °C. Kaolin dehydroxylation was identified
on a TGA thermogram by weight loss using the tangential method in the range of
400–800 °C depending on particle size and degree of disorder of kaolinite, as well
as measurement conditions [10, 11].

2.2 Calcination

Unsieved clay samples were calcined in ceramic crucibles by heating at 20 °C/min
to 600 °C for 1 h in a box furnace and allowed to cool to room temperature [2]. After
calcination, the material was ground by hand with mortar and pestle. The calcined
material was sieved through a 45 μm sieve, and the fraction finer than 45 μm was
analyzed by XRD to ensure complete calcination for each sample.

2.3 Mortar Compressive Strength

Pozzolanic activity of the 10 calcined clays was evaluated by mortar compressive
strength at 7 and 28 days following ASTM C109 [12] and ASTM C305 [13], with a
fixed water-to-cementitious materials (w/cm) ratio of 0.485. A 10% cement replace-
ment with each sample’s clay fraction from thewet-sieving analysis was used, adjust-
ing the standard sand requirement by the sand fraction that would accompany this
amount of clay. A Type I/II portland cement with 1.3% limestone fines was used in
this study. The following naming convention was used for the mix designs: 10X-600-
1, where 10 was the cement replacement level (percent by weight), X was the name
of the calcined material, 600 was the calcination temperature, (°C) and 1 referred to
the duration of calcination (hours) [2]. In an effort to isolate the filler effect caused
by inclusion of each clays’ sand content, individual control mixtures were prepared
for the first five calcined clays that contained only portland cement as binder with the
same portion of standard sand and sand from the calcinedmaterial as in the respective
calcined clay mortars [2]. These controls were tested at 7 days.

3 Results and Discussion

3.1 Sand Content

Wet-sieving analysis of all 10 as received kaolin clays showed sand contents ranging
from 65 to 90% and clay contents ranging 10–35% [14]. The sand content must be
separated from the clay portion or ground to an appropriate fineness in order to be
included with clay and considered feasible as natural pozzolans for use in modern
concrete.
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3.2 Elemental Oxide Composition

The XRF composition of all 10 clay fractions may be seen below in Table 1. It
may be observed that all clays predominantly consist of Al2O3 (30–38%) and SiO2

(34–46%), which is generally consistent with the chemical composition of kaolin
(Al2O3 · 2SiO2 · 2H2O, 39.5 wt% Al2O3, 46.5 wt% SiO2, and 14.0 wt% H2O) [2].
The high loss on ignition content (LOI) is assumed to be due to the water chemically
combined in kaolin minerals which is lost during the calcination process. The
Fe2O3 content of the clay fractions varies from 0.9–10.2%. All the clays meet the
ASTM C618 requirement of a minimum of 70.0% for SiO2 + Al2O3 + Fe2O3 [14].
Additionally, the SO3 content of all the clays is very low, below 0.1%, which is well
below the maximum limit of 4% specified by ASTM C618 [14].

3.3 XRD Mineralogy

Several approaches for Rietveld analysis of cementitious materials have been pro-
posed in the literature that yield good results [15–18]. However, refinement and
quantification of natural clays are more complicated due to the varying degree of
disorder of the kaolin-group minerals. The main kaolin-group minerals found in
Florida include kaolinite, dickite, and nacrite which are polymorphs that differ in the
stacking of adjacent clay layers [19]. It was observed that fitting of the clay XRD
patterns, regardless of the degree of order/disorder, was significantly improved when
the kaolin content of the sample was considered to be equal to the sum of the kaoli-
nite, dickite, and nacrite [9]. In addition to variability in stacking, kaolin can have a
variable amount of isomorphous substitution of Al3+ in its crystal structure by Fe3+,
Mg2+, Ti4+, and V3+, which can affect the quantification of this phase [19–21]. Since
the amount of MgO and TiO2 identified by XRF was low compared to Fe2O3, and
vanadiumwas not found, only Fe3+ substitutionwas considered.A general formula of
(Al2O3)(1 − x)(Fe2O3)x(SiO2)2(H2O)2, was adopted for kaolin, where xwas the Fe–Al
substitution parameter for all kaolin polymorphs. Refinement of Fe3+ substitution in
kaolin’s structure during Rietveld analysis was previously implemented by Prandel
et al. [20, 21]. The authors pointed out that substitution of Fe3+ for Al3+ results in an
increase in kaolin unit cell volume which causes hydrogen bonds stretching, increas-
ing the degree of structural disorder [22]. Structural disorder will affect calcined
clay reactivity although its influence is not fully understood. The refined mineralogy
of all 10 kaolin clay fractions is reported in Table 2. Table 2 presents that the total
kaolin content in the selected samples ranged from approximately 70–90 wt%. All
of these clay fractions are expected to have high reactivity upon calcination due to
their high kaolin contents. Hematite was identified in all the clays, except A1 and B1,
and was responsible for their red color. Small amounts of quartz were also detected
in the clay fractions, ranging from 0.4 to 3.8%, except for clay E, where the amount
of quartz was 10.3%. The amorphous/unidentified content of the samples may be
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due to the presence of allophane, which is a general name for amorphous, hydrous
aluminosilicates and short-ranged order-oxides and hydroxides commonly found in
natural clays [9, 23–25].

3.4 Thermogravimetric Analysis

Thermal decomposition of kaolin clays may be divided into 3 general stages: dehy-
dration, dehydroxylation, and recrystallization [2, 26, 27]. The computed kaolin
contents using TGA compared similarly to that determined during refinement with a
maximum error of 5.4% in clay E and 7.8% in clay B3 with and without accounting
for iron substitution, respectively [9]. Thus, the TGA- and XRD-determined kaolin
quantification techniques corroborated one another and are deemed reliable [9].

3.5 Mortar Compressive Strength

Figure 1 shows the compressive strength results for all the calcined clay mixtures
and the cement control. Additionally, the strength activity indices for all the clay
mixtures may be observed by the bold lines in Fig. 1 marking 75% of the control’s
strength. It can be seen that at 7 days, compressive strengths of the calcined clay
mortars were greater than 75% for all the samples, except 10B3-600-1. However, by
28 days, the strength activity index was above 76% for all the mixtures making them
eligible as Class N pozzolans according to ASTM C618 [14].

Fig. 1 Compressive strength of 10% calcined clay mortar cubes [18]
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In order to isolate the filler effects of the sand used with each calcined clay,
compressive strengths of the first five calcined clay mixtures were compared to their
respective individual controls where a portion of the standard sand was replaced
with the sand coming from the calcined material. This comparison showed the 7-day
strength activity indices of the calcined clay mortars were higher than 75%, even
for the 10B3-600-1 mortar revealing an index of 84%. Compressive strengths of
the individual controls of A1, B2, and B4 were very similar to that of the common
control mixture, while the compressive strengths of the individual control B1 and
B3 were lower, which is consistent with the trend observed in Fig. 1 at 7 days,
where 10B1-600-1 and 10B3-600-1 mixtures had the lowest compressive strengths.
Nevertheless, isolating the filler effect of the first five calcined clay mortars allows
for their 7-day strength performance to surpass the ASTM C618 requirements for
Class N pozzolans [14].

4 Conclusions

Anumber of potential clay sourceswere identified in the state of Florida.Theobtained
field samples contained 65–90% sand (material retained on the 45 μm sieve). The
sand content must be separated from the clay portion or ground to an appropriate
fineness in order to be includedwith clay and considered feasible as natural pozzolans
for use in modern mortar and concrete. Alternatively, this sand may be treated as a
replacement for fine aggregate used during mortar and concrete construction. The
fraction passing the 45 μm sieve met the chemical oxide composition requirements
of ASTM C618: minimum of 70.0% for SiO2 + Al2O3 + Fe2O3 and SO3 content of
less than 4%. The kaolin content of the clay fractions was determined by XRD and
TGA accounting for structural disorder by means of kaolin polymorph stacking and
impurity iron isomorphic substitution. Both mineralogical quantification techniques
revealed the Florida clays that were composed of approximately 70–94% kaolin,
indicating the potential for these clays to be high-quality pozzolanic materials post
calcination. The pozzolanic activity of the clays calcined at 600 °C showed that the
Florida kaolin clays obtained are capable of producing a pozzolanic material that
meet the Class N requirements of ASTM C618 using a 10% cement replacement
level.
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An Approach for the Evaluation of Local
RawMaterial Potential for Calcined Clay
as SCM, Based on Geological
and Mineralogical Data: Examples
from German Clay Deposits

Matthias Maier, Nancy Beuntner and Karl-Christian Thienel

Abstract This study gives an overview over the geological and spatial distribution
of German clay deposits visualized in a GIS map, which is based on the map of
mineral resources and the geological map of Germany, and supplemented by active
clay pits. The clays are classified regarding their geological context. Representative
clays for a certain geological formation are examined closely. Detailed clay miner-
alogy is determined using XRD. Optimal calcination temperature is defined using
TG/DTG. The calcined clays are characterized by XRD and BET. Pozzolanic reac-
tivity is assessed by R3 calorimetry test and solubility of Al and Si ions in alkaline
solution. A correlation between geological origin, chemical–mineralogical composi-
tion and pozzolanic reactivity is discussed. The study shows that a rough estimation
of pozzolanic reactivity based on geological data or chemical composition is pos-
sible. For a detailed assessment, an elaborate determination of mineralogical phase
content or a direct determination of reactivity is necessary.

Keywords Calcined clay · Clay deposits · Clay mineralogy · Pozzolanic reactivity

1 Introduction

One of the most effective attempts to lower the ecological impact of cement pro-
duction due to CO2 emissions is the partial substitution of cement clinker. Since
established supplementary cementitious materials (SCM) like fly ash and slag stag-
nate or even decrease in many industrialized countries, the demand for alternative
materials will rise in the future [1]. The probably most promising alternative mate-
rials are calcined clays. Much research has been done in the past years, focusing
primarily on metakaolin [2]. Recently, the focus shifted on calcined natural clays
[3, 4] which, from an economic point of view, form the most interesting group of
new SCM. The pozzolanic reactivity in dependence of the mineralogical clay com-
position, primarily kaolinite content, has been subject of many studies [5, 6], which
already allows drawing conclusions on the reactivity based on the mineralogy. In
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order to enhance the evaluation of clay deposits for the use as SCM, it is important
to better understand the influence of mineralogy on reaction behavior and to relate
these parameters to the geological setting of the deposit. This could help for a rough
assessment of clay deposits based on geological data and maps, which exist for many
parts of the world.

In Germany, the current main application fields for clays are the brick, the ceramic
and the refractory industry. Lower quantities are used as sealing clays. Kaolin mainly
serves as ceramic raw material, filler for paper, plastics, rubber or colors. In 2015,
5.3 million tons of raw kaolin have been mined leading to 1.1 million tons of kaolin
products available for sale. On the other side, there were 6.4 million tons of special
clay being used for the ceramic and refractory industry plus another 12 million tons
of clay used in the brick industry [7].

This study gives an overview over the clay deposits in Germany, including an
evaluation of characteristic samples, regarding their applicability as calcined clays
as SCM, based on mineralogical characterization and assessment of pozzolanic
reactivity.

2 Spatial Analysis of Clay Deposits and Selection of Clays

On the basis of the maps of mineral resources [8] and geology of Germany [9], a base
map (Fig. 1) was created using ESRI ArcGIS. ArcGIS is a geographic information
system, which allows to collect, analyze and present spatial data. Active clay pits
and cement plants were added. Areas with a concentration of clay deposits were
described geologically. From each area, at least one sample was selected for further
investigation.

Orange areas and the small orange dots represent clay and claystone, which are not
further classified, as they are provided by the map of mineral resources of Germany.
The manually added open clay pits are divided in brick clays, special clays, kaolin
and washing sludges. Brick clays are clays which are mainly used for the production
of masonry bricks, roof tiles, facing bricks or clinker. Special clays represent the raw
material for refractories, acid-resistant and technical ceramics or fine ceramics. Pri-
mary kaolin deposits which are further processed to high-grade products are referred
to as kaolin. Washing sludges are residues from processing of other raw materials,
for example, sand, gravel or also coal. Table 1 gives an overview over the selected
clays with reference to their geological origin.

The geographic location of clay deposits plays an important role regarding a use
as SCM, since the distance from the pits to potential customers defines a major part
of the costs. Beyond that, the geographic location can be referenced with geological
maps, as it was done in this study, to get a first idea about the suitability of the clays.
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Fig. 1 Geological map of Germany 1:1,000,000 [9] with deposits of clay and claystone [8] and
active clay pits

Table 1 Clays selected for investigations and their geological description

Short name Long name Geological description

KT Raw Kaolin Taunus Primary kaolin deposit accrued by
Eocene and Oligocene weathering of
Devonian chlorite-rich shale [10]

KUP Raw Kaolin Upper Palatinate Primary kaolin deposit formed from
Eocene until Miocene by weathering of
Carboniferous granite [10]

FUP Fireclay Upper Palatinate Sedimentary kaolin-rich clays deposited
in the Miocene [11]

RKUP Recycling Kaolin Upper Palatinate Secondary component of a Jurassic
sandstone, enriched by technical wet
processing [10]

AC Amaltheen Clay Early Jurassic marine sediments of a
continental shelf [12]

SW Shale Westerwald Devonian slate which outcrops in
Westerwald clay deposits [13]

(continued)
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Table 1 (continued)

Short name Long name Geological description

SCW Stoneware Clay Westerwald Tertiary weathering products of
fine-grained Devonian rocks deposited
in Eocene until Miocene [12]

CCW Coal-bearing Clay Westphalia Secondary component of Upper
Carboniferous coal beds [13]

MOSM Marl Upper Freshwater Molasse Upper Eocene to the Upper Miocene
sediments resulting from erosion
processes of the alps which were
deposited in the foreland basin [13]

SLS Shale Lower Saxony Cretaceous shale [12]

KS Kaolin Saxony Tertiary kaolinisation of a Permian
quartz-porphyry—purified by wet
processing [11]

3 Experimental Procedure

The chemical composition of the raw clays was analyzed by means of ICP-OES
(Varian ICP-OES 720 ES) on solutions of lithium metaborate flux fusions. The
clay minerals were identified by XRD (PANalytical Empyrean, Bragg-BrentanoHD
monochromator, PIXcel1D linear detector) on oriented mounts of the particle frac-
tion smaller than 2 µm following [14]. The samples were measured in air-dried and
in glycolated condition in order to account for swellable clay minerals. Bulk min-
eralogy of raw and calcined clays was analyzed on side-loaded powder mounts in
order to reduce preferred orientation effects. The quantitative phase composition was
calculated by Rietveld refinement using Profex BGMN [15]. For the determination
of the amorphous fraction of the calcined samples, the external standard method
was applied according to [16]. Thermal decomposition of the clays was investigated
using TG/DTG (Netzsch STA 449 F3 Jupiter) with a heating rate of 2 K/min. The
calcination temperature was defined by adding 100 K to the offset temperature of the
main dehydroxylation reaction. The clays were calcinated for 30 min in a laboratory
muffle furnace using platinum crucibles. The calcined clays were ground in a vibra-
tory disk mill with a speed of 700 min−1 for 10 min, using an agate grinding tool.
Specific surface area (BET) was measured in a Horiba S-9601 MP using nitrogen
as absorption gas. The solubility of Al and Si ions was determined by elution of the
calcined material in NaOH-solution (10%) [17]. Pozzolanic reactivity was assessed
following the R3 calorimetry test at 40 °C [18, 19].
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4 Results

4.1 Chemical and Mineralogical Properties of the Raw Clays

The investigated raw clays are plotted in a ternary diagram (Fig. 2) based on their con-
tents of SiO2, Al2O3 and CaO +MgO, normalized to the sum of these components.
The relevant silica-rich region of the diagram is enlarged.

The three clays in the alumina-rich right corner are sedimentary kaolinitic clays
and technically processed primary kaolin (FUP, SCW and KS). The marl (MOSM)
and the calcite-bearing Amaltheen clay (AC) can be differentiated by their CaO +
MgO content. The low-grade kaolinitic clays plot in the silica-rich half of the SiO2-
Al2O3-axis and cannot be differentiated in this way. Ternary diagrams based on
the chemical composition can help to separate the kaolinite-rich clays from the low
kaolinite clays (if there is no other major Al2O3 source) or marls from lime-free clays
but are unsuitable to differentiate between different low-grade kaolinitic clays with
several other clay minerals. Nevertheless, chemical compositions are often provided
by clay-suppliers and can be used for a first rough classification.

The mineralogical composition of the different clays are presented in Table 2 and
is discussed together with the reactivity below point 4.3.

Fig. 2 Plot of the investigated raw clays in the ternary diagram based on the contents of Al2O3,
SiO2 and CaO +MgO normalized to the sum of them
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4.2 Characterization of Calcined Clays

Table 3 gives the X-ray-amorphous content after calcination, the specific surface area
after grinding and the calcination temperatures that were defined based on the end
set temperatures of the main dehydroxylation reaction in the DTG data.

4.3 Reactivity

The heat release of the different calcined clays during the R3 calorimetry test is
shown in Fig. 3. The first 1.2 h are cut off, according to Li et al. [19]. Quartz powder
was used as an inert reference. The investigated materials show a broad variation,
regarding the quantitative heat release as well as the reaction kinetics. The high-grade
kaolinitic clays cause two maxima which are differently pronounced, referring to the
silicate and aluminate reaction. The sedimentary kaolinitic clays (FUP and SCW)
provide a fast reaction with a first heat flow maximum below 8 h, which probably
results from a faster release of especially Al ions due to the high amount of disordered
kaolinite and a high specific surface area. The primary kaolins (KS, KT and KUP)
and the recycling kaolin (RKUP), which show a higher degree of order and therefore
also a lower surface area, provide a slower reaction and the two maxima merge to
one. The clays with lower amount of kaolinite react clearly slower with one broad
reaction maximum, which is due to the lower release of Al ions.

The correlation between Al2O3 content and reactivity (Fig. 4) is good for high
kaolintite contents, where other clay minerals do not play an important role. Clays
with lower kaolinite content do not differ significantly in Al2O3 content which is
why this parameter cannot be used to assess them. As has been shown before [5,
6], the decisive criterion for reactivity is the overall kaolinite content of the raw
clay. If it exceeds about 40 wt%, the contribution of other components to the heat
flow is nearly negligible. In the area of lower kaolinite contents, the role of the other
clay minerals gains significance. This is shown by the clays with a kaolinite content
below 30 wt%. Here, clays containing significant amounts of illite, smectite or illite–
smectite mixed-layer minerals provide a clearly higher heat development during the
R3 calorimetry test than those containing mainly mica and quartz. This is in good
consistency with investigations on reactivity of single phyllosilicates [20].
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Fig. 3 Development of the heat release normalized per gram of calcined clay during R3 calorimetry
test (left) and cumulative heat (right) from 1.2 to 72 h

Fig. 4 Influence of Al2O3 (top) and kaolinite (bottom) content on heat of hydration during R3

calorimetry test (left) and on solubility of Si and Al ions (right)
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5 Conclusion

Geological data can allow conclusions on the type of clay deposits and therefore
help for a rough estimation of suitability. In order to derive a more precise assess-
ment, a comprehensive mineralogical analysis is requisite. Particularly for low-grade
kaolinitic clays, the impact of other clay minerals is significant. An evaluation based
on the chemical composition does not work for low-grade kaolinitic clays, since
the difference in Al2O3 content is not significant. For the assessment of pozzolanic
reactivity, the R3 calorimetry test and the solubility of Al and Si ions show very good
consistency.
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Abstract Three clay deposits from northeastern Cuba were characterized by X-ray
fluorescence, X-ray diffraction, and thermogravimetric analysis. The clay deposits
present high content of aluminum oxide and loss on ignition. Kaolinite was identi-
fied as a main clay mineral, and iron and aluminum phases as impurities. The clays
were preliminarily selected by chemical and mineralogical criteria and then acti-
vated by stationary calcination at 750 °C. The pozzolanic reactivity was determined
by strength activity index in standardizedmortars. Three blended cements containing
calcined clay, limestone, clinker, and gypsumwere formulated and assessed. Formu-
lated cements were used to produce hollow blocks of concrete and hydraulic tiles.
Finally, it is concluded that the three clayey deposits are presented with high poten-
tial for use as source of supplementary cementitious materials. Chemical criteria and
kaolinite content are a useful tool to predict the potential of clay deposits to be used
as source of supplementary cementitious materials. Samples with higher kaolinite
content present the best pozzolanic activity. Ternary cements assessed can replace
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R. S. Almenares Reyes (B) · L. Poll Legrá
Departamento de Metalurgia—Química, Instituto Superior Minero Metalúrgico de Moa, 83330
Moa, Cuba
e-mail: ralmenares@ismm.edu.cu

A. Alujas Díaz
Centro de Estudios de Química Aplicada, Universidad Central de Las Villas, 54830 Santa Clara,
Cuba

C. A. Leyva Rodríguez · L. A. Pérez García
Departamento de Geología, Instituto Superior Minero Metalúrgico de Moa, 83330 Moa, Cuba

S. Betancourt Rodríguez
Facultad de Construcciones, Universidad Central de Las Villas, 54830 Santa Clara, Cuba

F. Arcial Carratalá
Empresa Geominera del Centro, 54800 Santa Clara, Cuba

J. F. Martirena Hernández
Centro de Investigación y Desarrollo de Estructuras y Materiales, Universidad Central de Las
Villas, 54830 Santa Clara, Cuba

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_6

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_6&domain=pdf
http://orcid.org/0000-0002-7185-7330
mailto:ralmenares@ismm.edu.cu
https://doi.org/10.1007/978-981-15-2806-4_6


50 R. S. Almenares Reyes et al.

Keywords Calcined clays · Kaolinitic clays · Pozzolanic reactivity

1 Introduction

In Cuba, there is growing interest in the use of clays as sources of supplementary
cement materials (SCMs). There are several experiences that have shown the poten-
tialities of the use of these materials in the production of cements with a high level
of clinker substitution [1–3].

In the northeastern region of Cuba there is an important industrial mining activity.
In recent times, aluminum-richweathering crusts as rawmaterial for the productionof
refractorymaterials and ceramic bricks have been considered as an alternative in their
future development [4], although their potential can go beyond these applications
indicated.

Several investigations show the prospects of the use of the clay deposits of the
region as source of raw material for the production of SCMs [5, 6]. However, the
only industrial use of the clay deposits lying of the weathering crusts over gabbros of
this northeastern region has been as a raw material for small productions of ceramic
bricks [7].

This issue has been limited in part, because the availability and potentialities of
the clay deposits have not been demonstrated. Therefore, the goal of this paper is to
present the results of the characterization, evaluation, and use as a source of supple-
mentary cementitious materials from three new clay deposits from the northeastern
region of Cuba.

2 Materials and Methods

The area of interest of this research is the region of Moa, Holguín Province, where
there are numerous clay deposits. Three deposits lying in weathering crusts on gab-
broic rocks were selected at Centeno (C1), La Delta (C2), and Cayo Guam (C3)
deposits.

The chemical composition was analyzed by X-ray fluorescence (XRF) on a
Bruker AXS S4 spectrometer. Mineralogical composition was determined by X-ray
diffraction (XRD) using a PANalytical X’Pert Pro MPD diffractometer.

Thermogravimetric analysis (TGA) was used to quantify the kaolinite content,
applying the equation reported in Alujas et al. [8] and modified for the temperature
range between 350 and 750 °C. This method assumes that weight loss in this temper-
ature range is mainly related to kaolinite dehydroxylation. Chemical and mineralog-
ical composition was used for the preliminary assessment based on the procedure
reported in Alujas et al. [8].

The clay samples were heated at 750 °C for 60 min, cooled, and ground in a
ball mill until reaching about 90% passed in the sieve 90 µm. The calcination was
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carried out in a heat-treating furnace. The pozzolanic activity of calcined clays was
measured by strength activity index [9].

After reactivity assessing of calcined clays, ternary cementitious systems were
formulated according to the Cuban standard NC 1208 [10]. Ternary blends were
formulated based on a mixture of calcined clay (30%) and limestone (15%) with
clinker (50%) and gypsum (5%). Blends were termed as LC3-50 (47%) (2:1) C1,
LC3-50 (57%) (2:1) C2 and LC3-50 (80%) (2:1) C3 where LC3-50 is the name of
blend and the values in parentheses (equivalent kaolinite content) (proportion of
calcined clay: limestone) and finally the name assigned to the clay.

The compressive strength of ternary cementmortars was determined by the Cuban
standard NC 506 [11]. Ordinary Portland cement was used as a reference.

Main applications of LC3-50 (47%) (2:1) C1 and LC3-50 (80%) (2:1) C3 were
the manufacture of hollow concrete blocks having size 400 × 150 × 200 mm and
hydraulic tiles of 250 × 250 mm. Hollow concrete blocks and hydraulic tiles were
produced under standard manufacturing conditions at a local plant in northeastern
of Cuba. The quality was assessed through the Cuban standards [12, 13].

3 Results and Discussion

3.1 Characterization of Raw Materials

Chemical composition is shown in Table 1. The three deposits, products of theweath-
ering of basic rocks, have high aluminum contents, mainly associated with clay min-
eral, and iron and aluminum phases as impurities. A relatively high content Al2O3 in
the clays is very important for LC3 blended systems due to synergy with the calcium
carbonate [14].

The kaolinite content and main impurities identified in the samples are summa-
rized inTable 2. The possible interferences of the thermally active associatedminerals
on the quantification of kaolinite were considered negligible.

3.2 Preliminary Assessment Based on Chemical
and Equivalent Kaolinite Content

In agreementwith the chemical composition criteria (Table 3) and the identification of
kaolinite with content higher than 40%, the three clay deposits are suitable as source
of SCMs. These results show, preliminarily, that the characterized clay deposits
present potentialities to be used as source of SCMs.
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Table 2 Kaolinite content and associated minerals of the raw clays

Clay C1 C2 C3

Kaolinite content, % 47 75 80

Impurities Hematite
Goethite
Hercynite

Hematite
Goethite
Gibbsite

Hematite
Goethite
Quartz

Table 3 Selection criteria based on chemical composition

Criteria C1 C2 C3

Al2O3 >18.00% 21.27 33.52 30.25

CaO <5.00% 0.12 0.04 0.03

SO3 <3.00% 0.10 0.06 0.08

Al2O3/SiO2 >0.30 0.46 0.86 0.77

LOI >7.00% 10.81 12.04 14.33

Kaolinite content >40 47 75 80

3.3 Assessment of the Pozzolanic Reactivity of the Calcined
Clays

Table 4 presents the strength activity index for the three calcined clays. The results
are globally in agreement with the equivalent kaolinite content of clays (Fig. 1).
Clays rich in kaolinite have the best pozzolanic activity. These results confirm the
good potential of clay deposits to produce SCMs.

Table 4 Strength activity
index, %

C1 C2 C3

95.21 101.09 105.78

R² = 0.9024
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Fig. 1 Correlation between the kaolinite content and the strength activity index
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3.4 Assessment of the Compressive Strength of Ternary
Blended Cements

The average compressive strength of the ternary and reference cements is presented
in Fig. 2. From three days, LC3-50 (75%) (2:1) C2 and LC3-50 (80%) (2:1) C3
show upper values of compressive strength than the control series. Similar behavior
is evident at 7 and 28 days, although no significant differences are observed between
LC3-50 (75%) (2:1) C2 and LC3-50 (80%) (2:1) C3. Generally, the evolution of the
resistance seems to be in correspondence with the reactivity of the calcined clays
and the kaolinite content in the original clay.

All series of blended cement mortars meet the compressive strength requirements
standardized by the Cuban standard NC 1208 for TAC-35 ternary cements.

3.5 Assessment of the Ternary Blended Cements
in the Precast Manufacture

Small format precast products were manufactured for application in housing con-
struction. Table 5 presents the results of the assessment of hollow concrete blocks
and hydraulic tiles made with blended cements as well as the standard specifica-
tions. The experimental blocks and hydraulic tiles met the standard requirements
for strength and water absorption. No major difference between the performances of
precast is observed. These results show that the ternary cement containing kaolinite
between 47 and 80% seems to give hollow blocks and hydraulic tiles with similar
performance, thus indicating that the ternary cements assessed can replace Portland
cement in this kind of industrial application.
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Table 5 Strength and absorption of hollow blocks and hydraulic tiles

Average
compressive
strength at
7 days, MPa

Average
compressive
strength at
28 days, MPa

Water
absorption
of blocks,
%, w/w

Average
flexural
strength,
MPa

Water
absorption
of hydraulic
tiles, % w/w

Blocks C1 4.41 5.62 8.13 – –

Blocks C3 5.60 6.96 7.76 – –

Tiles C1 – – – 3.00 7.20

Tiles C3 – – – 3.30 6.70

Specifications 4.00 5.00 <10 2.80 <8.00

4 Conclusions

In this study, three new clay deposits of the northeastern Cuba were characterized
and assessed as SCMs. Main conclusions can be drawn:

• Chemical criteria and kaolinite content allow a preliminary assessment of the
potentialities of clay deposits as source of supplementary cementitious materials.

• Pozzolanic activity of the calcined clays evaluated by compressive strength tests
confirms that samples with higher kaolinite content present the best reactivity.

• Three deposits were found suitable to be used as SCMs to the production of cement
with high level of clinker replacement.

• Ternary blends can be applied to the production of hollow concrete blocks and
hydraulic tiles, which represents a promising alternative for its production in
northeastern Cuba.
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Potential of Marine Clay for Cement
Replacement and Pozzolanic Additive
in Concrete

Hongjian Du, Anjaneya Dixit and Sze Dai Pang

Abstract Marine clay is a low-grade kaolinsite clay commonly occurring in the
coastal areas globally. Produced during excavation works, they are characterized
by high silt and low kaolinite content, and hence, have little value for industrial
applications. Since, the legislation in Singapore does not allow for disposal of these
waste clays in the landfill, coupled with the acute shortage of space, marine clay
poses a nuisance for handling and environmental issues. This project investigates the
valorization of marine clay as a cement replacing agent and studies its pozzolanic
potential. The clay after calcination at 600, 700 and 800 °C was used to replace
ordinary Portland cement. Thermo-gravimetric analyses and isothermal calorimetry
results indicate the potential of pozzolanic reactions with the consumption of cal-
cium hydroxide and release of additional heat, respectively. Comparable strength
was obtained at 28 days even at 30% by wt cement replacement. Furthermore, the
28-days compressive strength was not substantially affected with the calcination
temperatures.

Keywords Kaolinite · Calcined clay · Hydration · Pozzolan

1 Introduction

The production of cement clinker is associated with a severe environmental con-
cern of anthropogenic carbon emission. It is a well-established fact that every ton
of cement produced results in an equivalent amount of CO2 is being released in the
atmosphere. This emission is partly due to the breakdown of limestone (calcium
carbonate, CaCO3) which is a raw ingredient in cement production, and partly due
to the fuel required for high-temperature kiln firing. On a global perspective, the
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production of cement is currently responsible for 5–8% of the total carbon emission.
As per a recent report by the International Energy Agency, the projected increase
in cement production is 12–23% by 2050 [1], which will proportionally increase
the carbon emissions in the absence of alternative means of cement production. A
successful strategy to curtail the clinker requirement in cement is the use of supple-
mentary cementitious materials (SCM), which react with the hydration products of
the clinker to produce additional calcium silicate hydrate (CSH) gel. Common SCMs
included fly ash, blast furnace slag, silica fume, etc. However, a common problem
associated with numerous SCM, such as silica fume and slag, is their long-term avail-
ability to be considered as a viable source for cement replacement. In this regard,
calcined clays can be a viable option due to their ease of availability and abundance
around the globe [2].

Clays are rich in kaolinite, montmorillonite and illite. These minerals become
reactive upon calcining at different temperatures (600–1000 °C). The most reactive
calcined product of the three, metakaolin, is formed by the de-hydroxylation of
kaolinite above 600 °C. The reason for reactivity is the loss of crystallinity in the
kaolinite structure, exposing the aluminium groups for reactions with portlandite in
the cement matrix [3]. The limiting factor in the pozzolanicity of calcined clay is
the availability of high kaolinite containing clays. Nonetheless, studies have been
conducted on the potential of clays with low and moderate kaolinite content [4–6].
Thefindings ofAlujas et al. [4] revealed that the calcined clay favours the formation of
AFm phases and calcium silicate aluminate hydrates (CASH) having longer chains.
In another study by Zhou et al. [5], low kaolinite London clay (26%kaolinite content)
was calcined at 800–900 °C to activate the kaolinite. A 30% cement replacement with
calcined London clay resulted in higher 28-days strength compared to the reference
mix. Indirect kaolinite sources like dredging sediments have also been investigated,
wherein it was found that though the calcined sediments were inferior to metakaolin,
they performed better than siliceous fly ash [6].

Marine clay is another such low-grade kaolinite clay in the coastal regions. It is
characterized by high silt and low kaolinite content, which makes it unsuitable for
industry applications (ceramics, etc.). In Singapore’s context, an abundant amount of
this clay is distributed throughout the island, and is therefore, found in the excavation
works in large quantities. For instance, in 2011, the amount of excavated works
in Singapore was approximately 8.5 million cubic meters, with marine clay being
the major constituent [3]. Although some of the excavated clay is used for land
reclamation and soil stabilization works, the large amount of unused volume creates
a nuisance for disposal, as Singapore legislation prohibits the dumping of marine
clay in landfills.

Given the acute shortage of space for waste disposal in Singapore, and the fact
that calcined low-grade kaolinite clay has also shown promising results as a SCM,
this study has been undertaken to study the use of calcined marine clay in concrete as
a possible avenue towards sustainable construction material. Marine clay as obtained
from excavation works of underground tunnels was calcined at different tempera-
tures. The activated clays were then used to replace cement at 30% by wt and studied
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for their pozzolanic potential. The effect on hydration was investigated using isother-
mal calorimetry and thermo-gravimetric analysis. This was followed by comparing
the compressive strength of the concrete containing marine clay with the reference
mix. It is expected that the results from this study would be beneficial for countries
with resource and land deficiencies and to utilize waste clays as a valorized product
in sustainable concretes.

2 Materials and Methodology

2.1 Materials

The cement used in this study was CEM I 52.5N. To compare with the calcined
clay, fine quartz powder was used as inert filler. The marine clay used in this study
was obtained from Ulu Pandan, Singapore. The clay, supplied as big lumps, was
dried at 50 °C for three days, pulverized manually and then grounded in a ball mill
(RESTCH PM 400) for 30 min. The fine powder obtained was then calcined at a
designated temperature (600, 700 and 800 °C) for 1 h in a furnace. The heating ramp
was maintained at 10 °C/min from room temperature to the calcination temperature.
Thereafter, the clay was removed and quickly cooled down by spreading in a metal
tray at room temperature. The densities as determined using an automatic density
analyser (ULTRAPYC 1200e) for cement, quartz filler and marine clay were 3.25,
2.65 and 2.87, respectively. Fifty mm mortar cubes for compression tests were pre-
pared with cement: sand ratio of 1:3. The mortar mixes were formed using river sand
of fineness of 2.95 and specific gravity of 2.65. The water–cement ratio was kept at
0.50. The cement was replaced with calcined clay 30% bywt for the three calcination
temperatures. All mortar samples were stored in water till testing.

2.2 Test Methodologies

The raw materials (cement, quartz filler and clay) were characterized using a
laser diffractometer (HORIBA LA-960) for particle size distribution and X-ray
fluorescence (XRF) to determine the elemental composition.

The heat of hydration of paste samples wasmonitored for 28 days using a TAMair
isothermal calorimeter. Apart from the reference sample with 100% cement, three
samples with calcined clay replacing cement and one sample with quartz filler to
distinguish between the filler effect of clay (replacement level at 30% by wt) were
tested.

To quantify the de-hydroxylation of clay minerals, thermo-gravimetric analysis
(TGA) was carried out in a N2 environment from 30 to 950 °C. TGA was also
carried out on hardened cement paste samples to ascertain portandite consumption.
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Hydration in the samples was stopped by immersion in a 2-Propanol solution for
three days, followed by vacuum drying for 24 h. This was crushed to a fine powder
to determine portlandite content using TGA. The loss of moisture during heating
was measured using the tangent method.

The compressive strength of the mortar cubes was determined as per the ASTM
C109 [7] at 1, 3, 7, 14 and 28 days of age. The average values of three cube specimens
have been reported.

3 Results and Discussion

3.1 Material Characterization

The particle size distribution of the rawmaterials is shown in Fig. 1. The marine clay
contained a lot of inert particles like silt and grounded gravel which caused it to have
a higher fraction of coarser particles than cement. XRF results of cement and marine
clay are shown in Table 1. It was observed that marine clay had large fractions of
silica from clay and the inert constituents mentioned above.

The results from the TGA on the uncalcined marine clay are shown in Fig. 2.
A clear loss of mass between 400 and 650 °C can be seen, characteristic to the de-
hydroxylation of kaolinite [8] and the formation of metakaolin, as given by Eq. (1).
Using this equation and tangent method, the kaolinite content of the untreatedmarine
clay was found to be 19.5%.

Al2Si2O5(OH)4 → Al2Si2O7 + 2H2O (1)

Fig. 1 Particle size
distribution of raw materials
used in the study
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Fig. 2 TGA curve for mass
loss in uncalcined marine
clay
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3.2 Puzzolanic Effects of Calcined Marine Clay on Cement
Hydration

The results from the hydration tests are shown in Fig. 3. It is observed that while
paste with quartz does not cause any major shift in the hydration peak, the pastes
with calcined clay show discernable acceleration. Additionally, they also increase
the second and third peaks associated with C3S and C3A hydration, respectively. The
rise in C3A peak is due to the exothermic reaction of calcium aluminate phases, a
characteristic of metakaolin-rich SCMs.

From the cumulative heat of hydration for 28 days shown in Fig. 4, it is evident
that the presence of quartz and calcined clay improves the hydration due to their filler
effect. For calcined clay, additional heat is generated compared to pastes with quartz,
indicating pozzolanic reaction occurring primarily after 3 days. Another observation
is the effect of calcination temperature: marine clay calcined at 600 °C shows lesser
heat evolution than 700 °C or 800 °C, suggesting that better activation is obtained at
700 °C.

Fig. 3 Rate of heat
evolution for different pastes.
(Number following ‘MC’ in
the legend indicates the
calcination temperature for
the clay.)
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Fig. 4 Cumulative heat of
hydration for different pastes
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Fig. 5 Portlandite content at
various ages for the pastes
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The change in quantity of portlandite (CH) in different pasteswith age, determined
from the TGA results, is shown in Fig. 5. The amount of CH in pure cement and
cement + quartz pastes were found to increase with age, though the rate of increase
plateaued after 14 days. Since, the paste with quartz had lesser cement, the amount of
CH is found less than the reference paste (with 100% cement). Sharp decrease in CH
content can be seen for pastes with calcined marine clay, attributed to the pozzolanic
behaviour of the clay. However, due to low kaolinite content of the clay, CH content
remains constant beyond 7 days, with a minute increase at 28 days. This suggests
that the pozzolanic reactions were completed within first 7–10 days.

3.3 Effect of Calcined Marine Clay on the Compressive
Strength of Mortar

Figure 6 shows the development of strength in various mortar samples with age.
Compared to the referencemortarwith 100%cement, the largest reduction in strength
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Fig. 6 Development of
compressive strength in
different mortars
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at 28 days was observed for mortar with 30% quartz by wt, primarily due to dilution
effect. Though mortar with calcined marine clay displayed inferior strength at 1 day,
the strength for mortar with clay calcined at 700 °C was 93% of the reference mortar
at 28 days. This indicates that the dilution effect caused by replacing cement was
balanced by the development of CASH and CAH gels due to the pozzolanic reactions
in clay mortars, filling up the capillary pores in the matrix and also strengthening the
interfacial transition zones.

4 Conclusion

Based on the findings of the study presented herein, it is demonstrated that the thermal
activation of marine clay above 600 °C can yield a potential SCM. The clay used in
this study was low-grade kaolinite clay (20%) excavated during construction works
in Singapore. The clay was calcined at 600, 700 and 800 °C and used to replace 30%
by wt of cement. From the tests conducted, strong evidences of pozzolanic reactions
were obtained. It was found that calcined clay improved the hydration rate, with a
clear increase in the C3A peak as well as the total heat of hydration after 28 days.
The CH content in samples with calcined clay was also found to be substantially less
in samples with 100% cement. However, the consumption of CH stopped beyond
7 days due to the completion of pozzolanic reactions. The mortars with 30% by wt
calcined clay replacing cement showed reduction in strength. Mortar with MC700,
however, showed comparable strength as that of the reference mortar. With these
results, it is demonstrated that calcined marine clay can help tackle two problems at
the same time: solve the waste disposal problems in Singapore and also help towards
a sustainable and long-term viable approach in reducing the carbon footprint of
concrete.
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Evaluation of Ceramic Waste from Goa
as SCM

Harald Justnes, Christian J. Engelsen, Tobias Danner and Monica N. Strøm

Abstract Tourism is a very important contributor toGoa’sGDP. In 2017, 6.9million
domestic tourists and 0.89 million foreign tourists visited Goa. This leads to a need
for refurbishment of hotel rooms which is a significant contributor to the C&Dwaste
generation in Goa. Around one ton of waste is on average generated per rehabilitated
hotel room. The contents of tiles and bathroom fittings are around 20–25%. In this
study, twodifferent ceramic samples (wall tiles and sanitaryware) havebeen collected
fromC&Dwaste dumping sites in Goa. In addition, brokenMangalore roof tiles have
been collected as a third ceramic waste. These three ceramics are made from clayey
rawmaterials,most likely kaolin. The sampleswere split, size reduced and pulverized
for the different analyses. In the preliminary study, all samples were analysed for the
composition by XRF/XRD, characterized in terms of particle size distribution and
tested for pozzolanic reactivity using the R3 test. The reaction products from the R3

test were investigated by XRD and DTA/TG.

Keywords Ceramic waste · Reactivity · SCM

1 Introduction

The state ofGoa, India, has stated an ambitious goal of zero landfill.However, tourism
is a very important contributor to Goa’s GDP. In 2017, 6.9 million domestic tourists
and 0.89 million foreign tourists visited Goa. This leads to a need for refurbishment
of hotel rooms which is a significant contributor to the C&D waste generation in
Goa. Around one ton of waste is on average generated per rehabilitated hotel room.
The contents of tiles and bathroom fittings are around 20–25%. Although there are
on-going projects on recycling of concrete and bricks, ceramic waste has not been
developed. Since the ceramics usually are based on sintered clay, there is a good
chance they may be pozzolanic when ground fine enough and could be added as a
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pozzolan to concrete. Although this potential SCM source may not matter too much
globally in terms of reducing CO2 emission, it may help to solve waste issues locally.

Ground tile as pozzolan is not new since apparently the Romans found it beneficial
to add it to the limemortars as strength improvement. Literature is however scarce on
using ground ceramic waste as a pozzolan, but plentiful on using it as fine or coarse
aggregate where its porosity and water absorption are a challenge to tackle. A few
examples of using ceramic fines are listed in Refs. [1–5], but findings may not apply
to any local material as the composition can vary widely.

2 Experimental

Three ceramic wastes from the state of Goa, India, were selected: wall tile, sanitary
ware andMangalore roof tile, denoted P1-wall, P2-WC and P3-roof tile, respectively.
The ceramic wastes were milled down in a disc mill to a particle size of about d90
≤ 40 μm for the main experiment. To check the effect of particle size on reactivity,
the materials were milled down for 30 s extra to obtain a d90 ≤ 25 μm. The particle
size distribution of the materials was measured (Table 1), as well as the chemical
composition by XRF (Table 2) and qualitative mineralogy by XRD (Fig. 1). Fly ash
and limestone were used as a reference for the R3-test, and their compositions are
given in Table 2 as well. A silica fume used as reactivity reference consisted of 94%
SiO2 and a specific surface (BET) of 22 m2/g.

Calcium hydroxide (Ca(OH)2), calcium carbonate (CaCO3), potassium sulphate
(K2SO4) andpotassiumhydroxide (KOH)used in theR3 testwere of laboratorygrade.
The reaction products from the R3 test were characterized by XRD and DTA/TG.

Qualitative X-ray diffraction (XRD) was performed on a Bruker D8-Advance
equipped with a Lynx Eye detector and a Cu-Kα X-Ray source. A fixed divergence
slit of 0.2 mmwas used. Measurements were taken from 5° to 75° 2θwith a step size
of 0.2° 2θ and a step time of 1 s.

X-ray fluorescence (XRF) was performed on homogenized samples compressed
under pressure according to EN 15309.

Particle size distribution (PSD) was performed with a Horiba Partica LA-960.
The powders were dispersed in water by ultrasonic sound for 1 min prior to analysis.

Table 1 Particle size distribution (PSD) of investigated materials

Materials d10 d50 d90

P1-wall 0.7 10.7 38.6

P2-WC 0.7 14.1 40.5

P3_Roof tile 0.7 8.2 38.8

P1-wall_30s 0.4 6.7 21.8

P2-WC_30s 0.5 7.3 25.4

P3-roof tile_30s 0.7 5.4 25.1
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Table 2 Chemical composition of the investigated ceramic wastes

Oxide (%) P1-wall P2-WC P3-roof Fly ash Limestone

SiO2 65.1 75.4 82.7 55.2 13.2

Al2O3 18.9 16.0 8.1 21.6 3.4

Fe2O3 3.7 0.5 3.4 6.8 1.7

CaO 3.9 0.9 0.8 5.3 43.8

K2O 2.3 3.1 0.6 2.1 0.7

Na2O 1.4 0.5 0.1 1.0 0.2

MgO 2.6 1.4 1.3 2.2 1.7

TiO2 0.8 1.0 1.5 0.9 0.2

LOI 0.18 0.11 0.54 3.3 33.4

Fig. 1 XRD profiles of the
ceramic wastes

Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA/SDTA 851. Samples were analysed with a heating rate of 10 °C/min between
40 and 1100 °C. All measurements were performed in nitrogen atmosphere with a
flow rate of 50 ml/min.

To test the reactivity of the different ceramic wastes, a R3 test was performed as
described by Avet et al. [6]. The mix proportions of the powder for the R3 test were
22% ceramic waste, 11% CaCO3, 65% Ca(OH)2, 1% K2SO4 and 0.25% KOH. The
powder blendwasmixedwith water to binder ratio of 1.2, and samples were hydrated
for 6 days at 20 °C and 2 days at 40 °C, respectively. Prior to mixing, the powder
and the deionized water were equilibrated at the desired temperature for 24 h. About
10 g of paste was produced, and mixing was performed with a Vortex SA6 model
at 4500 rpm for 1 min. Hydration was stopped by solvent exchange. If necessary,
samples weremilled down by hand to particle sizes <0.5mm and immersed in 100ml
iso-propanol for 15 min. After filtration, the powder was immersed in 20 ml diethyl
ether and filtrated. This step was repeated two times. As the last step, the sample
was dried for 8 min at 40 °C. The amount of bound water was determined by TGA
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analysis from the weight loss between 40 and 350 °C and calculated in per cent by
weight at 350 °C. The calorimetric part of the R3-test was omitted at this stage.

3 Results and Discussion

Data extracted from the particle size distributions of the ceramic wastes are listed in
Table 1,while their element compositions obtained byXRFare listed as the respective
oxides in Table 2 together with the reference materials fly ash and limestone filler.

Figure 1 shows the qualitative XRD data of the investigated ceramic wastes. The
main phases in the ceramic wastes are quartz, mullite (typical thermal transformation
product from kaolin), plagioclase feldspars and some haematite in P3-roof tile. P2
appears to contain moremullite than the other twowastes and less feldspar compared
to P1 and P3. There is only a weak increase of the background in the range 20°–35°
2θ indicating a small amount of amorphous material, perhaps most pronounced for
P2-WC.

The chemical bound water from the R3 test is given in Table 3. The Mangalore
roof tile (P3) fines appeared to be themost reactive andwhen cured for 6 days at 20 °C
it nearly reached the level of silica fume, while the P1-wall and P2-WC reached the
reactivity level of siliceous fly ash. When cured for 2 days at 40 °C, the Mangalore
roof tiles (P3) gained less bound water and failed to reach the increased level for
silica fume cured under the same conditions. P1-wall and P2-WC both increased the
amount of bound water when cured for 2 days at 40 °C relative to 6 days at 20 °C and
nearly reached the same level of bound water as for fly ash again. As a rule of thumb,
the chemical reaction will double their rate for every 10 °C increase in temperature,
so 2 days at 40 °C should correspond to 4 days at 20 °C (6 days in the R3 test).

The differential thermogravimetry curves (TG/DTG) for the ceramic fines cured
6 days at 20 °C and 2 days at 40 °C, respectively, are shown in Fig. 2, while sections
of their XRD profiles focusing on hydration products are plotted in Fig. 3. It is clear
from Fig. 2 that the hydration products of P3-roof tile are altered when cured at 40 °C
relative to 20 °C, explaining the reduction in bound water. From Fig. 3, it can be seen

Table 3 Results of the R3 reactivity test of the different ceramic wastes compared to reference
materials in terms of bound water

Ceramic wastes Reference materials

P1-wall P2-WC P3-roof Silica fume Fly ash Limestone
filler

Bound water
6 d at 20 ºC

2.6 2.5 6.8 7.1a 2.3 1.3

Bound water
2 d at 40 ºC

3.1 2.9 6.3 10.6a 3.4 1.3

aSilica fume appeared not perfectly dispersed in the paste which may have an influence on the
amount of bound water measured
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Fig. 2 TGA analysis of R3 pastes hydrated at 20 °C for 6 days (Left) and at 40 °C for 2 days (Right)

Fig. 3 XRD of R3 pastes hydrated at 20 °C for 6 days (Left) and at 40 °C for 2 days (Right)

that a pure calcium monocarboaluminate hydrate at 20 °C has changed into a mix
mono- and hemicarboaluminate hydrate at 40 °C and that the ettringite present as the
sole sulphate mineral at 20 °C has partly reacted to a calcium monosulphoaluminate
hydrate. Both these observations indicate that the SCM has reacted more, feeding
extra aluminate into the system, but at the same time less water is chemically bound
(32 crystal water in AFt and 12 in AFm). For the P1-wall and P2-WC, ettringite is
stable at both 20 and 40 °C, and only a marginal sign of carboaluminates formed for
P1-wall.

The effect of 30 s additional grinding of the ceramic fines on the chemical bound
water when cured for 2 days at 40 °C is listed in Table 4. It is clear that only 30 s
extra grinding compared to “normal” grinding has a large effect on the reactivity, in
particular for P2-WC. The differential thermogravimetry curves for the ceramic fines
ground 30 s extra are directly compared to the same samples after “normal” grinding
when cured for 2 days at 40 °C in Fig. 4. Evidently, there are hydration products
with broader peaks indicating a larger variety of hydration products for P3-roof tiles,



72 H. Justnes et al.

Table 4 Effect of 30 s
additional grinding on the R3

reactivity of ceramic fines

Sample 30 s extra Normal � (%)

P1-wall 3.7% water 3.1% water +19.4

P2-WC 4.2% water 2.9% water +44.8

P3-roof tile 8.5% water 6.3% water +34.9

Fig. 4 Effect of 30 s extra
milling time on the hydration
products of ceramic fines

while the nature of the hydration products seems to be unchanged for P1 and P2 even
though the amount has increased.

Based on these observations, it was decided to cast mortars where 20, 35 and 50%
of the cementwas replaced by P3-roof tiles to start with. However, the strength results
of these will not meet the paper deadline, but will be presented at the conference.

4 Conclusion

Three types of ceramicwastes from the state ofGoa have beenfinely ground, and their
reactivity has been evaluated with respect to function as supplementary cementitious
material.

The best material, fines of Mangalore roof tiles, had a reactivity comparable to
silica fume when cured for 6 days at 20 °C according to chemical bound water in the
R3 test. The chemical bound water went down when cured for 2 days at 40 °C since
the increased reactivity released more aluminate destabilizing AFt and forming AFm
with less crystal water.

The other two materials, wall tiles and sanitary ware, had reactivity comparable
to siliceous fly ash according to the R3 test. Their amount of chemical bound water
increased when cured for 2 days at 40 °C compared to 2 days at 20 °C.

Increasing the milling time with only 30 s increased the reactivity of all three
ceramic wastes substantially, and in particular, for the sanitary ware.
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Potential of Calcined Recycling Kaolin
from Silica Sand Processing
as Supplementary Cementitious Material

Matthias Maier, Benjamin Forster, Nancy Beuntner
and Karl-Christian Thienel

Abstract Suitability of calcined kaolinitic filter cake arising from the production of
high-quality silica sand as SCMwas tested. The investigation comprises two different
grades of materials. The first one represents a cross section from one week of sand
production. The other sample has been subsequently prepared by sedimentation on a
laboratory scale in order to investigate the impact of lower sand content. Chemical and
mineralogical compositions of both samples were determined bymeans of ICP-OES,
XRD and FTIR. The laboratory sample yielded higher kaolinite and a lower quartz
content in comparisonwith the industrial product. The dehydroxylation behavior was
determined using TG/DTG. After thermal activation, the reactivity was investigated
by measuring the solubility of Al- and Si-ions in alkaline solution. It turned out that a
calcination temperature of at least 650 °C is required for a complete dehydroxylation.
Heat of hydration was studied by isothermal calorimetry using a substitution of 20
wt% of cement by the calcined product. The same substitution was chosen for the
determination of strength activity index on mortar bars. Both materials provided a
significant acceleration of the early hydration by promoting the aluminate reaction.
After 28 days, the higher kaolinite content of the laboratory sample leads to a higher
activity index of 121% in comparison with 102% of the industrial product.

Keywords Metakaolin · SCM · Calcined clay · Recycling kaolin

1 Introduction

The high pozzolanic reactivity of metakaolin has been the subject of many studies
[1]. A wide use is yet impeded by the high price, caused by the costly purification
process and the high demand by competing industries like ceramic or paper industry.
This reason shifted the focus of research on naturally occurring kaolinite-bearing clay
as a raw material for pozzolanic cement substitutes [2]. Beyond that, clay minerals
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also exist as minor components in many sand or gravel deposits. During the raw
material processing, which often includes a washing process, the clay-bearing fine
fractions are separated as a water–solid mixture and end up as backfill in most cases.
In Central Europe, 50million tons ofmineral washing sludge are produced every year
[3]. Only a small percentage of it is used as raw material by the ceramic industry
(e.g., less than 100,000 t per year in Germany [4]). The material investigated in
the course of this study represents a residue from the washing process of a kaolin-
bearing Jurassic silica sand, which is dewatered after the separation. The produced
filter cake is partly used as supplementary clay for the production of clay bricks
but its application is limited. This study covers first calcination trials based on a
comprehensive raw material characterization, complemented by reactivity tests for
an application as a supplementary cementitious material.

2 Materials and Methods

The investigated material is a fine-grained, secondary component of a siliceous sand-
stone, which is located in the Upper Palatinate (Bavaria, Germany) and has been
exposed in several open-pit mines (Fig. 1). The outcropping sandstones exhibit a
thickness of up to 30 m and are of white color, due to low iron contents. Locally,
higher iron contents cause yellow, brown and red colors. The sediments belong to
the geological formation of the dogger sandstone [5] with an age of approximately
171 million years [6]. Figure 1 shows on the left the sequence of the various quartz
sand layers. The uppermost layer consists of brownish-colored limonite sand. Pink-
colored so-called flamingo sands follow these on the bottom. The lowest layers are
defined as glass sand or glass sand equivalent. These layers are characterized by their
white color and high proportion of finest grain sizes (0–0.180 mm).

After transportation to the plant, the extracted sand is cleaned from interfering
sediments, such as kaolinitic clays and iron and titanium-bearing minerals, in a
multistage cleaning and classifying process (Fig. 2). The water required for the
process is recycled in an in-house water treatment during which the washed-out

Fig. 1 Sequence of sand layers (left) and aerial view of the mining area (right)



Potential of Calcined Recycling Kaolin from Silica Sand … 77

Wet sieving Desludging in 
hydrocyclone

Wet magnetic
separation

AttritionUpflow
classificationDewatering

Fig. 2 Processing scheme of the quartz sands

residual substances are separated. In the course of this process, the finest sand fraction
is separated from the process water in a sedimentation cone and returned to the
treatment process. The clay minerals are coagulated in the washing water by adding
flocculants (anionic polyacrylamide). The settling and thickening of these flocked
fine fractions are performed in the two circular thickeners. The settled fine clay gets
pumped out and dewatered on chamber filter presses to a residual moisture content of
approx. 20 wt%. The filter cake obtained in this process is the subject of investigation
in this study.

Two grades of raw materials were investigated. The first one represented a cross
section of oneweek of production. The second onewas prepared by sedimentation on
a laboratory scale. For this purpose, 1 m3 of the sludge was removed from the storage
tank of the filter press and diluted to a solid concentration of 20 wt%. Separation
was executed using an 80 mm hydrocyclone test rig. The de-sanded material in the
overflow of the hydrocyclone was collected in a tank together with the process water
and precipitated using flocculants. The separated fine quartz was discharged via the
underflow of the hydrocyclone. After a resting period of 24 h, the excess water was
removed and the remaining material was dried at 105 °C in a drying cabinet.

The chemical composition of both grades of clay was measured by means of ICP-
OES and is shown in Table 1. The mineralogical composition was determined by
XRD (PANalytical Empyrean, Bragg-BrentanoHD monochromator, PIXcel1D lin-
ear detector) on sideloaded powder mounts to reduce preferred orientation effects,
which are pronounced in well crystalline kaolinite-bearing samples. The quantitative
phase composition was calculated by Rietveld refinement using Profex BGMN [7],
complemented by the external standard method [8] in order to consider poorly crys-
talline and amorphous components after calcination. Kaolinite degree of order was
analyzed from FTIR spectra of powder samples (ThermoFisher Scientific Nicolet
iS10) according to Bich et al. [9] and by using models of ordered and disordered
kaolinite for Rietveld refinement [10]. Calcination temperature was derived from
dehydroxylation behavior, which was analyzed by means of TG/DTG (Netzsch STA
449 F3 Jupiter). For the thermal treatment, the samples were placed in platinum cru-
cibles and calcined for 30 min in a laboratory muffle furnace. After calcination, the
materials were ground in a vibratory disk mill with a speed of 700 min−1 for 10 min,
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Table 1 Chemical
composition of the raw
materials

Constituent
(wt%)

Industrial
grade

Laboratory
grade

Cementa

SiO2 67.1 57.3 20.7

Al2O3 19.8 26.2 4.9

Fe2O3 5.4 6.7 2.9

CaO 0.1 0.1 65.3

MgO 0.1 0.1 1.5

MnO n.d n.d 0.1

TiO2 0.9 1.1 0.3

K2O 0.3 0.3 0.7

Na2O <0.1 <0.1 0.1

SO3 <0.1 <0.1 2.9

Cl n.d n.d 0.1

LOI 6.3 8.2 2.3

aProvided by supplier

using an agate grinding tool. The calcination process was verified using FTIR and
XRD. Solubility of Al- and Si-ions wasmeasured by ICP-OES (Varian ICP-OES 720
ES) after elution of the samples for 20 h in 10% NaOH solution [11]. Heat of hydra-
tion was measured using a TAM air isothermal calorimeter at 25 °C for 48 h. For the
determination of the activity index on mortar bars according to DIN EN 196–1 and
for calorimetry, a CEM I 42.5 N with the chemical composition given in Table 1 was
used with a substitution rate of 20 wt% and a water–solid ratio of 0.5.

3 Results

3.1 Dehydroxilation Behavior

The mass loss at approximately 280 °C (Fig. 3) could be attributed to the decom-
position of iron hydroxide (e.g., Goethite). Dehydroxylation of kaolinite starts with
onset between 430 and 435 °C for both samples. The reaction is accompanied by
a loss of mass due to the elimination of the crystal water, which is 5.6 wt% for the
industrial sample and 8.0 wt% for the laboratory sample, indicating a higher content
of kaolinite for the latter.

After calcination at 550 °C, Al–OH stretching bands (Fig. 4), which indicate an
incomplete dehydroxylation, are still visible. After 650 °C, Al–OH bands are no
longer present.
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Fig. 3 Thermogravimetric analysis of the two different grades

Fig. 4 X-ray diffractogram (left) and FTIR spectra (right) of the two different grades in dependence
of calcination temperature (M =Muscovite, K = Kaolinite, Q = Quartz)

3.2 Mineralogical Properties

The secondary hydrocyclone reduced the quartz content from47.3 to 29.3wt%,while
increasing the kaolinite content from 44.5 to 62.3 wt%. The complete mineralogical
composition before and after calcination is given in Fig. 5 (left). Based on the ratios
of the Al–OH bands in the FTIR spectra in the range between 3600 and 3700 cm−1,
the degree of order of the kaolinite was determined by calculating the indexes P0
(0.97) and P2 (1.02), which implicate an intermediate degree of order according
to Bich et al. [8]. The results from Rietveld refinement reveal a mixture of ideally
ordered and stacking disordered kaolinite (Fig. 5, right).

While the FTIR spectra indicate a complete dehydroxylation at 650 °C, the diffrac-
tion patterns still show small kaolinite reflexes which can be quantified to 6.9 wt% for
the industrial and 7.7 wt% for the laboratory sample. Since no more OH vibrations
can be detected, these reflexes may also represent relicts of a dehydrated kaolinite
lattice, which did not break down completely during calcination.
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Fig. 5 Quantitative phase composition of two different samples before and after calcination (left)
and refinement of structure models of ordered and stacking disordered kaolinite (right)

3.3 Reactivity

Solubility of Al- and Si-Ions

The pozzolanic reactivity of calcined clay depends to a large extent on the amount and
proportion of soluble aluminum and silicon ions in alkaline solution. The solubilities
are shown inFig. 6 for both samples and both calcination temperatures. The bars show
the total solubility of Al- and Si-ions in mmol/l. The numbers above the bars indicate
the Si–Al ratio and are close to 1 for all samples, which is typical for metakaolin.
As already seen from the FTIR spectra, almost complete dehydroxylation of the
kaolinite is only ensured at a temperature of at least 650 °C, which is reflected in
an Al and Si solubility being more than twice as high compared to 550 °C. The
laboratory sample exhibits a solubility of Al- and Si-ions that is about 50% higher

Fig. 6 Solubility of Al- and
Si-ions after elution in 10%
NaOH solution for 20 h
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than that of the industrial sample for both calcination temperatures. Due to these
results, calorimetric and strength measurements were only conducted for the 650 °C
samples.

Heat of Hydration

Within the first hours, both substituted samples have a similar course of heat flow as
the reference (Fig. 7), whereby the samples with calcined clay show a slightly higher
heat flow in the dormant period and a slightly faster acceleration period relative to
the cement content. In the reference sample, the aluminate reaction is recognizable
as a clear shoulder of the silicate heat peak. The influence of the calcined clays can be
seen in the acceleration and amplification of the aluminate reaction, which leads to
a superposition of the two reactions for the laboratory sample. The heat of hydration
after 48 h is 236 J/gcement for the reference, 252 J/gcement for the substitution with
20 wt% industrial grade and 269 J/gcement for the substitution with 20 wt% laboratory
grade. From this, a clear contribution of both calcinedmaterials to the early hydration
can be derived.

Activity Index

The development of compressive strength related to the reference is shown in Fig. 8.
After two days, a significant strength contribution was detected for both samples.
This contribution slows down until 7 days but is still present as the activity index
exceeds 80% for both systems. After 28 days, the compressive strength of the mortar
substituted with the industrial grade sample corresponds approximately to that of the
reference while the mortar substituted with the laboratory grade sample reaches an
activity index of 121% of the reference strength.

Fig. 7 Comparison of heat flow and cumulative heat during the first 48 h of hydration
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Fig. 8 Comparison of
activity indexes after 2, 7 and
28 days

4 Conclusion

Both investigated samples show a high potential regarding the use as SCM. The
pozzolanic reactivity indicated by the high solubilities of Al- and Si-ions could
be confirmed by a significant contribution to the early hydration and the strength
activity indexes within the first 28 days. As expected, the laboratory grade material
provides a higher reactivity due to a higher proportion of kaolinite, reached by the
supplementary sedimentation process. While a calcination temperature of 550 °C
is not yet sufficient, an almost complete conversion from kaolinite to metakaolin
takes place at 650 °C. For further studies, the temperature will be raised to 680 °C to
ensure complete dehydroxylation. Nevertheless, the activation temperature is still in
a very interesting range from an ecological and economical point of view. This study
confirms that clay-bearing mineral residues can provide a high potential as resource-
efficient raw materials for the production of SCM and should get high attention in
the search for appropriate materials.
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Comparison of Brick Clays
and a Kaolinitic Clay Regarding
Calcination and Performance in Blended
Cement Mortars

Nsesheye Susan Msinjili, Patrick Sturm, Hans-Carsten Kühne
and Gregor J. G. Gluth

Abstract Two brick clays (rich in 2:1 clay minerals) and a low-grade kaolinitic
clay were studied regarding their transformations during calcination and their per-
formance in blended cement mortars. The mortars with calcined clays exhibited
decreasedworkability (slumpflow), but this effect could bemitigated by employment
of a conventional superplasticizer; however, compressive strength of the hardened
mortar was lowered in some cases. While the kaolinitic clay generally yielded the
highest strength, the performance of a brick clay could be increased by grinding to
higher fineness and by mixing it with the kaolinitic clay.

Keywords Calcined clays · Blended cements ·Workability · Compressive strength

1 Introduction

Calcined clays have emerged as one of the most promising supplementary cementi-
tious materials (SCMs) due to their global availability and often good performance in
blended cements [1]. The majority of research is focused on kaolinitic clays because
of their higher reactivity compared to illitic or smectitic clays (rich in 2:1 minerals)
[2]. The latter clays are, however, available at lower cost and therefore may provide
an economically more feasible option for use as SCMs in cement production. The
present work aims to investigate the potential of brick clays (illitic clays) by studying
their calcination and their performance in blended cement mortars and comparison
with a low-grade kaolinitic clay. Cement substitution rates considered in the study
were 15 and 25 wt%. The effect of a polycarboxylate-based superplasticizer on the
workability of blended cement mortars was studied at the higher substitution rate.
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2 Materials and Methods

2.1 Starting Materials

A Portland cement, CEM I 42.5 R (PC; Na2Oeq = 0.88%), and three clays (I1, I2 and
K1), extracted from deposits in Central Germany, were used in this study. I1 and I2
can be classified as brick clays (major clay mineral: illite), while K1 was a low-grade
kaolinitic claywith onlyminor amounts of 2:1minerals. Quartz powder (Q)was used
for comparison with the calcined clays in blended cement mortars. CEN standard
sand was used for production of the mortar specimens. The chemical, mineral and
physical properties of the rawmaterials used in this study are summarized in Table 1.

Table 1 Chemical, mineralogical and physical properties of cement, quartz filler and raw clays

Component (wt%) PC Q I1a I2a K1

SiO2 19.82 99.40 76.74 68.06 54.60

Al2O3 4.56 0.10 10.40 12.50 24.27

Fe2O3 1.97 0.03 1.79 5.66 2.44

TiO2 0.13 0.07 1.43 1.34 2.79

CaO 62.87 – 0.36 0.84 1.51

MgO 1.73 – 0.50 1.32 0.54

Na2O 0.31 – 0.32 0.93 0.26

K2O 0.86 – 1.80 2.76 1.31

SO3 3.26 – 0.25 0.08 0.68

P2O5 0.20 – 0.19 0.37 0.30

Mn2O3 0.02 – 0.01 0.06 0.01

LOIc 3.57 0.15 5.89 5.70 10.81

Residual 0.74 – 0.35 0.43 0.48

Kaoliniteb 16.7 18.0 54.8

Illiteb 16.3 31.1 1.1

Smectiteb – 5.2 –

Quartzb 62.5 36.3 40.4

Apparent densityd, ρ (g/cm3) 3.15 2.65 2.58 2.66 2.54

Median particle sizee, d50 (μm) 4.87 12.17 13.29 20.48 10.70

Specific surface areaf, as (m2/g) 1.07 0.45 16.74 15.50 35.64

aAverage of chemical compositions of samples from three locations within the deposit
bDetermined on separate clay batches by Rietveld QPA after micronizing, using 10% zincite as
internal standard [3]
cLoss on ignition at 1000 °C determined according to DIN EN 196-2
dDetermined by He-pycnometry according to DIN 66137-2
eDetermined by laser granulometry after wet dispersion in propan-2-ol
fDetermined by N2 sorption (BET method) according to ISO 9277
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A commercial polycarboxylate-based superplasticizer (PCE SP) with a solid content
of 41.8% was employed in selected mortars.

In addition, a mix of I1 and K1 was produced by homogenizing the clays at a 1:1
weight ratio for 2 h in a 75-L concrete mixer. The blended clay was named B1 and
calcined and ground like the other clays, as described in Sect. 2.2. In what follows,
sample name affixes ‘_yyy’ are used to denote calcined clays, where yyy indicates
the calcination temperature in °C.

2.2 Methods

Calcination of the clays was performed in a laboratory-scale rotary kiln with a tube
length of 2 m. Two heating regimes were selected, following results obtained in
previous work with a muffle furnace to determine optimum temperatures [3]: the
brick clays (I1 and I2) were calcined at 850 and 900 °C; the low-grade kaolinitic
clay (K1) and the blended clay (B1) were calcined at 650 and 900 °C. The feeding
rate was kept constant at 1.2 kg/h, and the measured throughput (T clay) and retention
time (tR) were calculated according to Eq. 1 and Eq. 2, respectively.

Tclay =
(
mt1 − mt2

t2 − t1

)
× 60 (1)

tR =
(

mfinal

Tclay, final

)
× 0.7 (2)

where mt1 and mt2 are the masses (in kg) of calcined clay collected from the kiln at
time t1 and time t2 (in minutes), respectively, mfinal is the final mass collected after
the final feed and T clay,final is the final throughput recorded. The factor 0.7 in Eq. 2
corresponds to the percentage of the heated zone in the kiln (i.e. 1.4 m).

Qualitative phase analysis of the raw and calcined clays (collected at each mea-
sured throughput) was carried out on a Rigaku Ultima IV diffractometer in Bragg–
Brentano geometry using CuKα radiation (λ = 1.541874 Å) and a divergence slit
of 0.5°. The X-ray tube was operated at 40 kV and 40 mA; patterns were recorded
with a sampling interval of 0.02° 2θ and a scan rate of 0.5° 2θ min−1. The scanning
range was 5–65° 2θ . The samples were front-loaded into sample holders and spun
at 15 rpm.

The calcined clays collected from the rotary kiln were ground in a screening ball
mill at a grinding capacity of 5 kg/h and screened through a sieve mesh of 125 μm.
A fraction of I1 calcined at 850 °C was further ground in a planetary ball mill at a
grinding capacity of 0.5 kg/h and screened through a sieve mesh of 63 μm (i.e. to a
higher fineness; material designated I1*_850).

Standard mortar prisms (160 mm × 40 mm × 40 mm) were produced at a sub-
stitution rate of 15 and 25 wt%, with a constant water/binder ratio of 0.50 (as in
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DIN EN 196-1) for all mortars. The higher substitution rate was only employed for
I1*_850 and for K1_900 with use of PCE SP.

Through trials, an amount of 0.36% PCE SP by weight of binder was identified as
sufficient to obtain a workable mix similar to that of plain Portland cement mortar.
The PCE SP was added 90 s after the start of the mixing, and the bulk mixing water
was corrected for the water content of the SP. The workability of the fresh mortar
with and without the presence of PCE SP was investigated by mini-slump flow using
a Haegermann cone and a jolting table according to DIN EN 1015-3.

Curing of themortarswas done at 23 °C, immersed inwater. Compressive strength
measurements on the hardened mortars were carried out after 2, 7 and 28 days of
curing on a 10-kN ToniPRAX strength-testing device according to DIN EN 196-1.

3 Results and Discussion

3.1 Transformation of the Clays Due to Calcination

The measured T clay and tR for all clays during the calcination period varied in the
range 0.5–1 kg/h and ~1–3 h, respectively. Due to the tendency of I2 to exhibit
sintering and/or excessive agglomeration, presumably caused by its high Fe content
(Table 1) [3], the kiln was adjusted to a maximum retention time of ~1 h for this clay
to avoid sticking of the material in the interior of the kiln. Figure 1 shows the XRD
patterns of the calcined clays at various retention times per calcination temperature
and the respective raw clays.

At 650 °C and above, the major kaolinite peaks were absent in the diffractograms
of all clays, demonstrating kaolinite’s complete dehydroxylation and amorphization
[2–4]. The basal smectite peak in I2 was absent after calcination at 850 °C, indicating
its complete dehydroxylation [3]. The diffractograms of the low-grade kaolinitic
clay (K1) and the blended clay (B1) reveal incomplete dehydroxylation of the illite
at 650 °C, evidenced by the fact that the shift of its 004 reflection from ~5.00 Å
(~17.8° 2θ ) to 5.04 Å (17.6° 2θ ) was only partial at this temperature [3]. However,
at 900 °C, a complete shift of the peak to lower Bragg angles was detected, owing
to complete dehydroxylation of the illite [3, 5]. This was observed for I1 and I2,
calcined at 850 or 900 °C, as well. The intensity of the basal reflection (and other
reflections) of illite in I1 was considerably diminished after calcination, compared
to the raw clay (Fig. 1a). On the contrary, the illite peaks were only moderately
diminished after calcination in the other clays (Fig. 1b–d). Thismay possibly indicate
a higher degree of amorphization of the illite in the calcined I1 or may be related
to transformation to new (high temperature) phases. However, close inspections of
the diffractograms revealed that, in all clays and at all calcination conditions, no
spinel phase was present after calcination. No significant differences were observed
between the major reflections of the clay minerals in the clays calcined at different
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Fig. 1 Comparison of X-ray diffractograms (5–30° 2θ range) of raw and calcined clays at various
retention times and calcination temperatures for a I1, b I2, c K1 and d B1 (I-illite/dehydroxylated
illite; K-kaolinite; S-smectite; Q-quartz; F-feldspar; A-anatase)
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Fig. 2 Slump flow of plain Portland cement mortars and blended cement mortars with 15 wt% or
25 wt% substitution rate and influence of PCE SP on selected blends

retention times, indicating that extending the retention time above ~1 h does not
contribute to increased reactivity.

3.2 Workability of the Blended Cement Mortars

The slump flows of all blended cement mortars with 15 wt% substitution rate, and
selected blends with 25 wt% substitution rate, are shown in Fig. 2. Compared to
the plain Portland cement mortar, the slump flow was lower for all blended cement
mortars without PCE SP. This was most pronounced for K1, due to its high kaolinite
content and high specific surface area (Table 1), in line with previous reports on
calcined kaolinitic clays [6]. When K1 was calcined at 650 °C, the workability
of the corresponding blended cement mortar was reduced by 26%, but at 900 °C,
the workability was reduced by only 17%, which is likely related to changes in
morphology of the clay particles (agglomeration), caused by the higher calcination
temperature [3]. In the presence of PCE SP, the blended mortars exhibited higher
flowability, compared to the plain Portland cement mortar, owing to the dispersing
ability of the superplasticizer.

3.3 Compressive Strength of the Blended Cement Mortars

Figure 3 shows the evolution of the compressive strength of the blended cement
mortars at 15 wt% substitution rate. The brick clays (I1 and I2) show no pozzolanic
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activity at early ages (i.e. strength similar to quartz powder-blended reference at 2 and
7 days). However, the low-grade kaolinitic clay (K1) and the blended clay (B1) show
an increase of ~7%, compared to the quartz powder-blended reference, at 2 days.

After 28 days of hydration, K1_650 and B1_650were the blended cement mortars
with the highest strengths. Themortars with calcined brick clays (I1 and I2) generally
exhibited only slightly higher strengths than the Q mortar. The present results differ
from previously reported strengths of blended cement pastes, in which I1 performed
considerably better than I2 [3]; the reasons for this discrepancy are currently not clear,
but are possibly related tomaterial inhomogeneitieswithin the clay deposit. However,
the mortar with the more finely ground brick clay I1*_850 exhibited considerably
higher strength than the mortars with the coarser brick clays, demonstrating the
beneficial effect of grinding to increase the specific surface area.

A higher substitution rate of 25 wt% was studied for I1*_850 and K1_900 and
quartz powder for comparison. Table 2 shows the relative compressive strengths,
referred to the strength of the PC mortar, of these blended cement mortars after
28 days of hydration with and without the presence of PCE SP. Without PCE SP,
the brick clay and the low-grade kaolinitic clay exhibited a relative strength increase

Table 2 Effect of PCE SP on
the relative strengths of
blended cement mortars with
25 wt% substitution rate after
28 days of hydration

Mortar Relative compressive strength at 28 days
(%)

No SP With PCE SP

PC 100 –

Q 65 –

I1*_850 84 75

K1_900 91 91
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of 19% and 26%, respectively, compared to the Q mortar, owing to their pozzolanic
reaction. In the presence of PCE SP, the strength remained unchanged for K1_900,
whereas the strength of themortar with I1*_850was decreased, despite the improved
workability caused by the addition of the superplasticizer (Fig. 2). However, the
strength of this mortar still exceeded that of the quartz powder-blended reference
mortar.

4 Summary

For the two brick clays (I1 and I2) and the low-grade kaolinitic clay (K1) studied
in the present work, calcination for more than 1 h did not lead to substantial further
changes of their phase assemblage as observed by XRD, indicating that it does not
contribute to increased reactivity.

The workability (slump flow) of all blended cement mortars with calcined clays
was lower than those of mortars with plain Portland cement or binders with quartz
powder. This effect was most pronounced for the kaolinitic clay, because of its higher
surface area. Employment of a conventional polycarboxylate-based superplasticizer
could fully mitigate this effect on workability; however, in one case it led also to a
decrease in the strength of the hardened mortar.

The calcined brick clays generally performed not as good as the kaolinitic clay in
terms of compressive strength of blended cement mortars. However, two strategies
could be applied to increase the performance of brick clay I1: grinding to higher
fineness (I1*_850) and mixing of the brick clay with the kaolinitic clay (B1). In
both cases, the strengths of blended cement mortars were significantly higher than
without these measures, and the mortar with the mixed clay had a strength that was
comparable to that of the mortar with only K1.
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Utilization of Clay Brick Waste Powder
for Partial Replacement with Cement
in Cement Mortar

Hemraj R. Kumavat, Narayan R. Chandak and Dhananjay J. Jadhav

Abstract Partial replacement of cement with crushed burnt clay brick waste powder
(CBP) could reduce CO2 emission, enhance the conservation of natural resources,
and decrease the cost of waste disposal sites. The aim of this study is to investigate
the use of CBP as a partial replacement for cement in the production of cement
mortar. Clinker was replaced by CBP in different proportions (0, 5, 10, 15, and 20%)
by weight for cement. The physicochemical properties of cement at the anhydrous
state and the hydrated state thus compressive strengths after 7, 28, and 90 days for
the mortar were studied. Thermogravimetry analysis (TGA), Differential thermal
analysis (DTA) and Thermogravimetry (TG) tests were conducted to investigate
the development of cement hydration reactions in the presence of these wastes.
Particle size distributions were obtained from laser granulometry (LG) of CBP and
cement used in this study. Considering the proportions levels studied, the results
indicated that the use of CBP inmixture accelerated the hydration reactions, and there
was an indication of pozzolanic activity, particles packing density and compressive
strength were maintained. Compressive strength decreased as the replacement level
and average particle size increased. The CBP mixture at 20% level had similar or
even higher mechanical properties than controlled mortar.

Keywords Clay brick waste · Pozzolana · Thermal analysis

1 Introduction

The use of pozzolanic materials in mortar as additional cementing material is ben-
eficial due to significant energy savings and the decrease of solid waste [1]. These
materials can enhance the finalmortar product’s characteristics. The pozzolanic prod-
ucts may be of natural or industrial origin [2]. Pozzolanic materials are defined as
silica and aluminum materials with little or no cemented significance but which
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respond chemically with calcium hydroxide at normal temperatures in a finely split
shape in the presence of moisture to form compounds with cemented characteristics
[3]. Pozzolans have amorphous silica that respond to Ca(OH)2. This is beneficial
because pozzolans generate a more resistant material and less portlandite which
can be drained during chemical attack, thereby decreasing the porosity of the final
product and making the substance more compact [4].

The differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
methods are most popular in the research of cement hydration [5]. TGA is a method
that examines a sample’s mass shift depending on temperature and/or time. TG
assessment enables CH content to be estimated from weight loss. While the tem-
perature difference between a sample and a reference material is measured in DTA,
heat absorption is recorded during endothermic reactions or heat emission during
exothermic reactions [6].

Calcium hydroxide (CH) is one of the main hydrated goods in a completely cured
cement paste that comprises more than 20% of the hydrated goods [7]. Calcium
hydroxides (CH) and calcium silicate hydrate (C–S–H) are the end products of alite
and belite water response [8]. Calcium hydroxide occurs predominantly in the form
of well-defined crystals and a exactly determined structure, so that the assessment of
the CH content determines both the features of hydration and the degree of hydration
of the cement paste. The formation and alteration ofCHquantities created in hydrated
Portland cement not only determine the proportion of reaction hydration, but also
affect the paste’s ultimate mechanical characteristics [9].

Brickwaste can be used for partial replacement of cement and sand inmortar as an
alternative material. The significant content and chemical, physical characteristics
of brick waste material are comparable to cement and sand, so we can use this
material as one of the building materials in the construction industry to meet the
industry’s present requirement and guarantee sustainable building. The use of brick
waste product for experimental work is gathered from various brick plant locations in
the district of Jalgaon andDhule and samplingof brickwastewith varyingproportions
of fly ash and clay used for brick production.

2 Experimental Program

2.1 Material

The Ordinary Portland Cement (OPC) for controlled mortar was used in this study.
The main properties are listed in Table 1.
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2.2 Particle Size Distribution

The particle size distribution of cement and clay brick waste was shown in Fig. 1. The
figure shows that cement is very fine than clay brick waste, because some coarser
particles stay after clay brick waste has been crushed. The distribution of cement
particle size starts from 200 microns, but clay brick particle size from 400 microns
depends on that particle density as well.

Compressive strength and elasticity modulus are key parameters for determining
the bearing capacity and deformation of the load-bearing mortar and masonry prism.
Several experiments were performed to assess the uniaxial compressive stress–strain
curves of brick units, mortar cubes, and mortar prisms built with mortar grade 1:4.
The replacement mortar experimental lead compared to the controlled mortar (0%
replacement). The compressive strength of cement mortar cubes (size 7.07× 7.07×
7.07 cm) of 1:4 proportions was prepared using clay brick waste with 0, 10, 20, 30,
and 40% replacement of cement with clay brick waste. After casting of mortar cube,

Ordinary Portland cement

Clay brick waste

Fig. 1 Particle size distribution of cement and clay brick waste
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Fig. 2 Axial load on cube
specimen in CTM

they are cured in water for 3, 7, and 28 days. Mortar specimen was placed on the
computerized universal testing machine, and the axial compressive load was applied.
The specimens were subjected to an axial load up to failure of the test specimen as
shown in Fig. 2.

3 Result and Discussion

3.1 Thermo Gravimetric Analysis (TGA)

The TGA is a technique used to measure a sample’s mass shift as a function of
temperature increase. Thermal modifications lead to mass changes in cement-based
products that can be measured by a thermogravimetric analyzer [10]. The TGA was
carried out primarily to study the impact of the presence of clay brick waste on the
degree of cement hydration, which is a function of the content of calcium hydroxide.
TGA was performed on samples subject to temperatures of up to 1000° C, with
a heating rate of 18 °F/min (10 °C/min) in the atmosphere of helium. Controlled
mortar (0% replacement) was prepared using the 1.5:1 water-to-cement ratio. The
blend was stirred, and the sample was filtered using a quantitative filter paper after
48 h of hydration. The residue was cleaned twice with isopropyl alcohol and acetone,
dried for 30min in the vacuum oven at 60 °C, then sieved using a 90m sieve, and then
placed in a desiccator. The thermogravimetric measurements were performed in the
non-isothermal circumstances from room temperature to 1000 °C at heating levels
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of 10 °C/min by a Perkin Elmer concurrent DTA/TG analyzer, the Pyris Diamond
model, in the nitrogen atmosphere with a flow rate of 300 ml/min.

Changes in mass involve dehydration of products for hydration. This method is
useful in assessing changes in the structure of cement-based products in order to
predict their behavior when exposed to fire. Typical TGA curve plots for controlled
and substituted cement mortars with corresponding mass loss are shown in Figs. 3
and 4.

TGA curves indicate that there are three areas in each curve. Zone I includes
the 100–500 °C variety and is ascribed to C–S–H and ettringite dehydration. Zone
II is ascribed to calcium hydroxide dehydration, ranging from 500 to 700 °C. The
loss of calcium hydroxide in CM and clay brick waste mortar amounts to 4.8% and
6.27%, respectively. The full C–S–H decomposition is indicated by an endotherm
after 700 °C. The calcium hydroxide peak is 470–485 °C in all specimens (cement
mortar, clay brickwastemortar specimens), indicating that there is no change in stage
chemistry for distinct mixtures [11]. However, there is an insignificant variation in
the content of calcium hydroxide between controlled and substituted cementmortars.
The decomposition method of Ca(OH)2 is ascribed to an endothermic peak of about
420 °C on the DTA curve and mass loss in the temperature range of 340–460 °C on
the TG curve [12].

Fig. 3 DTG/DTA/TG curve of controlled mortar
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Fig. 4 DTG/DTA/TG curve of 20% brick waste replaced in cement mortar

3.2 Heat Flow and Mass Change (%)

Figures 3 and 4 for all studied samples show the outcomes for the heat flow and
relative weight change (percent) for specimens with variable quantities of burnt clay
brick waste at a specified temperature. Several heat flow peaks happen in Fig. 4,
and the size of these peaks differs with the quantity of burnt clay brick waste in the
samples.

The two heat flow peaks in the 25–250 °C temperature interval correspond to the
release of physically bound water from pores, plus the dehydration responses owing
to water loss from the gel of calcium silicate (C–S–H) and also the decomposition of
ettringite in specimens. Throughout the study, C–S–H gel and ettringite dehydration
were observed near 110 °C temperature. It was likely triggered before measurement
by distinct ages of the samples studied, hydration products formed, temperature
program selected, or preparation processes.

An important mass loss is connected with the responses in this temperature range.
It is about 6.5% for the controlled mortar. The mass loss then reduces with a growing
quantity of burnt clay brick waste and reaches up to 2.9% for replacement by 40%.
There is another peak associated with the decomposition of Ca(OH)2 in the temper-
ature range of 400–480 °C, which is also followed by a mass loss. The temperature



102 H. R. Kumavat et al.

point for the specimens being studied is 600 °C, where quartz transformation α–
β occurs. A sharp endothermic heat flow peak and a volume shift accompany this
response. There is no mass change during the quartz transition. The small peak in the
reference sample is visible at the temperature around 700 °C, but it is only triggered
by measurement inaccuracy. The decomposition of CaCO3 is initiated in the temper-
ature range 650–760 °C. This impact is followed by a greater mass loss compared to
the decomposition of Ca(OH)2.

There are two exothermal peaks corresponding to a crystallization process after
reaching temperatures above 800 °C. The pozzolanic reaction causes it, and its size
corresponds to the degree of crystallization between Ca and Si. It was noted that the
healing era was increasing. With the quantity of burnt clay shale, the temperature of
this peak rises. For samples with higher amounts of burnt clay brick waste, the heat
flow peak moves to higher temperatures around 950 °C.

4 Conclusion

Based on this experimental study, the following conclusions can be drawn:

1. It is inferred from TGA results that the samples have a stable structural state
up to 500 °C, while the exposure to higher temperatures results in a remarkable
decomposition of the hydration products.

2. The loss of calcium hydroxide in CM and clay brick waste mortar amounts
to 4.8%, 6.27%, respectively. The full CSH decomposition is indicated by an
endotherm after 700 °C.

3. The two heat flow peaks in the temperature interval of 25–250 °C correspond
to the expulsion of physically bound water from pores, plus the reactions to
dehydration due to water loss from the calcium silicate gel CSH and also the
decomposition of ettringite in samples.

4. The mass loss then decreases as the amount of burnt clay brick waste increases
and reaches up to 2.9% for replacement by 40%.

5. CaCO3 decomposition is initiated in the 650–760 °C temperature range. Com-
pared to Ca(OH)2 decomposition, this effect is followed by a higher mass
loss.
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Qualifying of Low Grade Clay
for Geopolymer Mortar: A Preliminary
Assessment

Sreedevi Lekshmi, Reesha Bharath, Sunitha K Nayar and J Sudhakumar

Abstract This paper reviews the feasibility of using low grade clay for developing
geopolymer mortar by partially replacing conventional source material. The study
intends to develop a framework for identification, classification and utilization of
various clays and suggest suitable processing techniques to qualify for geopoly-
merization. The influence of source clay based on the reactivity of silica, physical,
chemical and mineralogical characteristics on the properties of geopolymer mor-
tar is extensively studied based on existing literature. Characteristics of clay after
various treatment methods (calcining and lime treatment) are also reviewed so as
to identify the extent of its effectiveness on geopolymers. Characteristics based on
micro-structural studies such as energy dispersive X-ray analysis (EDX), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and
X-ray diffraction spectroscopy (XRD) along with geotechnical characterization are
reviewed. The paper highlights the significant characteristics of clay that is significant
for geopolymerization and its implication on the properties of geopolymer mortar.
The manifestation of geopolymer characteristics and its relation to crystallography
andmicrostructure is explored to develop strategies for the qualification of clays. The
influence of parameters such as alkali concentration and sodium silicate to sodium
hydroxide ratio on compressive strength is presented. Based on the review, an attempt
has been made to characterize different types of clay obtained from few sources in
India, and a study has been conducted to assess the qualification technique proposed.
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1 Introduction

The global demand for concrete as a construction material has increased the demand
for Portland cement. The massive production of cement results in considerable emis-
sion of carbon dioxide to the atmosphere which results in climatic change as a result
of global warming [1]. In this context, the relevance of geopolymer concrete is
well recognized. Geopolymers are aluminosilicate binder (source material) having
cementitious property synthesized by the reaction achieved by the alkaline activation
of aluminosilicate rich materials. The term geopolymer was coined by Davidovits
[2]. Geo the prefix in geopolymer symbolize the relationship of binder to geological
materials such as natural stones and minerals [3]. Commonly used source materials
are fly ash, metakaolin, ground granulated blast furnace slag, etc., which are alumi-
nosilicate rich sources. Typical alkaline activators are sodium hydroxide (NaOH) in
combination with sodium silicate (Na2SiO3) [4]. As metakaolin is chemically sim-
pler and more amorphous than fly ash, geopolymerization of metakaolin has yielded
more reliable results in comparison; however, fly ash has gained global interest due
to its cost-effectiveness [5]. The objective of this paper is to explore the possibility
of utilizing raw clay from different sources as the source material for the production
of fly ash-based geopolymers and to review the possible scope of using lime and
thermally treated clay in geopolymers.

Clay can be defined as cohesive soil which is mostly plastic in nature with finely
grained particles of size less than 0.002 mm. For synthesizing geopolymer, the most
commonly used clay mineral is kaolinite with chemical formula Al2O3 · 2SiO2 ·
2H2O [2, 6]. It has been reported that the alumina (Al2O3) and silica (SiO2) contents
in clay meet the criteria to be used as source material in geopolymers similar to that
of fly ash.

From literature, it is evident that mechanical properties of geopolymer specimens
are enhanced after lime treatment and calcining. Ogundiran et al. (2015), reported
that calcined clay accelerated dissolution/ hydrolysis of fly ash, whereas fly ash
controlled the exothermic reaction that resulted in alkaline dissolution/hydrolysis of
calcined clay. Consequently, it is suggested that the addition of calcined clay to fly
ash enhanced early dissolution of fly ash, even at a low content of 25%, and as a
proportion of calcined clay increases, early dissolution also increases.

As reported by Duxon and Provis [7] and Ming et al. [2], in the dissolution pro-
cess of aluminosilicates, the hydroxyl ions present in the alkaline medium release
silicates and aluminate species to permit polymerization process to take place. The
phenomenon of geopolymerization is exothermic in nature. Rate and extent of disso-
lution depend on ion exchange capacity, fineness and nature of source material and
concentration of alkaline solution. Continuous rearrangement of gel phase occurs
upon curing which results in the formation of zeolitic crystals. In this model, initial
gel phase is represented by solidification and hardening and final gel phase repre-
sented by gel rearrangement and crystallization, respectively, and as a result, more
ordered phases are formed as end product. During the process of geopolymerizaton,
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Si–O–Si and Si–O–Al bond breaks down in the presence of alkaline medium. In
the final stage, the midway product which is rich in Al content transforms to a Si
dominated gel product.

But a large quantity of subsurface clay is being dumped on earth’s surface as
a result of excavation activities carried out in relation with construction industries
which is amenace. Sincemost of the clay is rich in aluminosilicates, it can be regarded
as an excellent geopolymer binder. Hence, by using clay as a source material by
partially or fully replacingfly ash, the adverse effects of subsurface clay accumulation
on earth’s surface can be rectified to a great extent. Along these lines, the current
study is a preliminary investigation of the possible classification of low grade clay
for utilization for geopolymerization.

2 Investigations on Utilization of Low Grade Clay

2.1 Materials

The clay used in this study was collected from few sources of Kerala. Two types of
clay were considered in this study, one is clay filled flood soil and other is paddy clay
which is shown in Fig. 1. For the present study, pulverized clay passing through 300µ
IS sieve was used for partially replacing fly ash. Fine aggregate used in geopolymer
mortarwas locally available siliceous river sand.Geopolymermortar specimenswere
prepared for both class F and class C fly ash as source material in which clay is used
up to 50% by partial replacement of fly ash.

Fig. 1 a Clay filled flood soil b paddy clay
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2.2 Material Characterization

Functional groups present in clay were identified by Fourier transform infrared
spectroscopy (FTIR), morphology of clay was identified using scanning electron
microscopy (SEM), chemical composition is revealed using energy dispersive X-ray
analysis (EDX) and X-ray diffraction spectroscopy (XRD) and are reported in
Figs. 2, 3, 4 and 5.

Visual characteristics such as colour, odour, texture and dry strength of the clay
are reported in Table 1. It is examined that clay filled flood soil is of sandy type
with medium dry strength, pale brown colour and earthy odour. Also, paddy clay is
fine-grained cohesive clay with stiff dry strength, brown colour and has the odour of
paddy field.

Geotechnical characterization such as specific gravity and index properties was
studied and is given in Table 2. Since the flood soil is a kind of clay filled sandy soil,
tests for investigating index properties could not be performed. Specific gravity (IS

Fig. 2 EDX results of a clay filled flood soil b paddy clay

Fig. 3 SEM images of a clay filled flood soil b paddy clay
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Fig. 4 FTIR analysis of a clay filled flood soil b paddy clay

2720, part 3) of flood soil and paddy clay is 2.07 and 2.13, respectively, which is
less than 2 which implies that both clays are of porous type. The pH values for flood
soil and paddy clay are 7.13 and 7.38, respectively, which is slightly greater than 7
and hence shows a trend towards alkaline side. The pozzolanic activity index (ASTM
C311) of flood soil and paddy clay is 79.48% and 75.84%, respectively, which shows
both clays are pozzolanic in nature. Loss on ignition (ASTMD7348-08) of clay filled
flood soil and paddy clay is 16.4% and 15.1%, respectively.

Chemical composition of flood soil and paddy clay is revealed by EDX in Fig. 2.
EDX spectra show dominant peaks of Si, O, Al and C for flood soil and Si, O, Al,
C and Fe for paddy clay implying that these elements are the main constituents of
these clays and their percentage weight is reported in Table 3.

The morphological aspect of both clays such as shape and size of particles is
determined using SEM as shown in Fig. 3. The SEM analysis of clay filled flood
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Fig. 5 XRD results of clay filled flood soil and paddy clay

Table 1 Visual
characterization of clay filled
flood soil and paddy clay

Characteristics Clay filled flood soil Paddy clay

Colour Pale brown Brown

Odour Earthy Slight odour of
paddy

Texture Sandy Fine grain

Dry strength Medium Stiff

Table 2 Geotechnical
characterization of paddy clay

Index properties Clay filled flood soil Paddy clay

Flow index – 11.205

Liquid limit – 50.19

Plastic limit – 32.3%

Plasticity index – 17.89%

Liquidity index – 0.97

Consistency index – 0.028

Toughness index – 1.596

Shrinkage limit – 57.94%

Table 3 Percentage weight
of elements present in clay
based on EDX result

Element Clay filled flood soil (wt%) Paddy Clay (wt%)

C 1.72 10.02

O 15.04 51.82

Al 0.13 5.99

Si 8.19 27.41

Fe 4.76
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soil and paddy clay reveals that there are numerous large micro-aggregates of size
5 µm. Also, it is evident from the image that for clay filled flood soil, these particles
are with rounded and nodular morphology, and paddy clay has platy, rounded and
nodular morphologies.

The relevant functional groups present in both clays are analyzed using FTIR as
shown in Fig. 4. In Fig. 4, for both clay filled flood soil and paddy clay, the bands
between 3500 and 2300 cm−1 indicate stretching vibrations of structural OH bonds
and bands between 1650 and 1630 cm−1 indicate bending vibration of OH bonds
due to adsorbed water. For calcined clay and fly ash, the adsorption peak around
1088 cm−1 is associated with asymmetric stretching of Si–O–Si and Al–O–Si bond
[10]. During the process of geopolymerization, the strong band (band with high
wave number) shifts towards the low wave number and is correlated to the partial
replacement of SiO4 by AlO4 which results in the change in chemical environment
of Si–O bond. High Al penetration intensity from glassy part of fly ash into SiO4 is
represented by a large shift which is similar to that of zeolities [6].

XRD results of clay filled flood soil and paddy clay are reported in Fig. 5 (L—
Illite, Q—Quartz (SiO2), F—Iron Oxide (Fe2O3), K—Kaolinite). Major peaks of
crystalline silica (quartz), illite, iron oxide and kaolinite are observed in both clays.

2.3 Geopolymer Synthesis

Sodium hydroxide activators were prepared by dissolvingNaOHpellets inwater, and
activator solution was prepared for 6, 7, 8, 9 and 10MNaOH solutions. Geopolymer
mortar specimens were prepared with 50% of clay for both types of clay and its
suitability being observed for both class F and class C type of fly ash. Experiments
were designed using central composite design of response surface methodology
in which a set of 20 experiments were obtained for 50% replacement of fly ash
with clay. For each trial, six numbers of 50 mm cube specimens were casted for
testing compressive strength. The workability of fresh mortar for each trial was
determined using flow table test and the flow values were noted as an average of
three measurements for each trial, for which the flow values observed were within
the permissible range (ASTM C1437-15). The specimens were oven cured for one
day at 90 °C after a dissolution time of 24 h in room temperature, for which the
effect of molarity of NaOH solution and ratio of sodium silicate to sodium hydroxide
solution on compressive strength is observed.

3 Results and Discussions

Figure 6 shows the compressive strength of geopolymer mortar with source material,
class C and class F fly ash, which is partially replaced to 50% by clay filled flood
soil and paddy clay, which is cured at 90 °C in hot air oven for a curing period
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(a) Class C fly ash (b) Class F fly ash

Fig. 6 Compressive strength of geopolymer mortar containing clay with a class C b class F fly ash

of one day. The factors considered for the present study are molarity of NaOH
solution, temperature of curing, percentage of clay and ratio of sodium silicate to
sodium hydroxide. Percentage of clay and temperature of curing are kept constant
as 50% and 90 °C, respectively. The results of ANOVA for the dependent variables
demonstrated that the model was significant for response variables such as molarity
of NaOH, ratio of sodium silicate to sodium hydroxide and temperature of curing.

The models of compressive strength for clay filled flood soil and paddy clay for
class F and class C fly ash are statistically significant as P-value is less than 0.05. It
is observed that molarity of NaOH is a significant factor which affects compressive
strength as itsP-value is less than 0.005. Hence, it can be summarized thatmolarity of
NaOH is amajor factor contributing towards development of compressive strength of
geopolymermortarwhen comparedwith other abovementioned factors. TheANOVA
results of compressive strength are summarized in Tables 4 and 5.

For both class C and class F fly ash, for both types of clay such as flood soil
and paddy clay, it is observed that compressive strength increases with increase in
molarity of NaOH solution to an optimum value and decreases further and the same

Table 4 ANOVA for compressive strength of class C fly ash-based geopolymers

Mean value F value P value

Factors FS PC FS PC FS PC

Model 1.50 1.08 72.73 16.79 <0.0001 <0.0001

Molarity-A 1.57 3.67 43.42 41.32 <0.0001 <0.0001

Na2SiO3/NaOH-B 0.02 0.21 0.22 0.55 0.8906 0.4719

Temperature-C 0.57 0.97 0.50 2.51 0.4914 0.1371

A2 5.73 2.47 5.03 6.37 0.0429 0.0254

B2 3.51 0.56 3.08 1.43 0.1027 0.2530

C2 1.98 0.39 1.74 0.99 0.2102 0.3371
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Table 5 ANOVA for compressive strength of class F fly ash-based geopolymers

Mean value F value P value

Factors FS PC FS PC FS PC

Model 1.55 1.01 78.26 16.16 <0.0001 <0.0001

Molarity-A 0.46 2.57 22.93 41.32 0.0001 <0.0001

Na2SiO3/NaOH-B 0.15 0.24 0.75 3.82 0.3984 0.0724

Temperature-C 0.063 0.064 3.18 1.04 0.0914 0.3275

A2 0.13 2.66 6.68 42.79 0.0187 <0.0001

B2 0.044 0.52 2.21 8.44 0.1548 0.0123

C2 0.46 0.58 23.10 9.26 0.0001 0.0094

trend is observed for sodium silicate to sodium hydroxide ratio. The reason behind
this is that at a sustained high temperature of 90 °C, with increase in sodium silicate
to sodium hydroxide ratio and molarity of NaOH, the geopolymerization process
is enhanced, and as a result, the polymerization products will get filled in the void
space which makes the matrix dense and stiff, which increases dry density and hence
compressive strength. With further increase in temperature or exposure to sustained
high temperature, the formation of micro-cracks results in lowering compressive
strength. From Fig. 6, it is evident that clay filled flood soil and paddy clay show
better strength performance in class F fly ash-based geopolymers, which is attributed
to the Si/Al ratio of class F fly ashwhich enhances polymerization process at elevated
temperature [6, 7].

Increment in compressive strength is generally attributed to the amount of reactive
silica in clay which helps in geopolymerization at a high temperature of 90 °C for all
combinations of molarity of NaOH solution and ratio of sodium silicate to sodium
hydroxide [8, 9]. The presence of reactive silica in both clays is evident from theXRD
results. Further, strength can be achieved through treating the clay by calcination
or using lime, by which the crystalline phase of silica in clay can be converted
to amorphous [6]. In highly plastic soil, clay particles absorb majority of alkaline
solution, and hence, the strength gain becomes unnoticeable. Strength of geopolymer
is affected by specific surface area of clay particles [8].

4 Conclusion

Based on the experiments carried out in the present study, the following conclusions
are drawn;

a. It is revealed that low grade clay can be employed as source material for the
synthesis of geopolymers in fly ash (both class C and class F)-based geopoly-
mers by partial replacement of fly ash. Performance of clay minerals and hence
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the mechanical properties of geopolymers can be further improved by lime and
thermal stabilization of clay.

b. Molarity of NaOH solution and percentage of clay are the significant factors that
affect strength parameters of geopolymermortar. Compressive strength increases
with increase inmolarity of NaOH solution and ratio of sodium silicate to sodium
hydroxide to an optimum value and then decreases at 50% replacement of class
C and class F fly ash with different types of clay.

c. The compressive strength obtained was in the range of 5–9.5 MPa at 50% clay,
which is expected to increase by lowering the clay percentage. The optimum
mix was obtained at sodium silicate to sodium hydroxide ratio of 1.5 and NaOH
molarity of 8M. Paddy clay exhibited better performance in terms of compressive
strength than flood soil in both class F and class C fly ash.

d. The optimummix obtained can be used for developing alkali-activated blocks for
constructing non-structural members such as compound walls and garden tiles
and also as repair material for filling cracks and patchworks on RC structures.
The scope of this study in developing structural members can be explored by
lowering clay percentage and by thermal and chemical treatment.
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Alkaline Activation of Blended Cements
with Calcined Illitic Clay Using Glass
Powder Wastes

Mónica A. Trezza, Edgardo F. Irassar and Viviana F. Rahhal

Abstract Previous studies revel that calcined illitic clay acts as potentially sup-
plementary cementitious materials in Portland cement. Packing and workability are
improved; the hydration products are like that corresponding to Portland cement and
it also produces a pore size refinement improving themechanical performance at later
ages. The illitic clays have a high activation temperature and its pozzolanic activity
is slow; however, it is the most abundant type of clay in several regions of the world,
and therefore, their used as supplementary cementitious materials must be improved.
Therefore, compression resistance values denote the effect of dilution at early ages.
On the other hand, materials containing silica and alumina can be activated in an
alkaline form, which would help to compensate the dilution generated by the addi-
tion. In this work, the alkaline activation of cement mixtures with calcined illitic
clays is presented. As an alkaline activator, finely ground discarded glass is used.
The finely ground glass, due to its amorphous nature, reacts quickly contributing to
early hydration, while providing the alkalis necessary for an alkaline activation. In
this paper, the blended cements with 30% of calcined illitic clays were analyzed and
the effect of different percentages of replace by glass powder wastes was studied.

Keywords Illite clay · Blended cements · Glass powder · Hydration · Calorimetric

1 Introduction

High grade calcined kaolinitic clays as supplementary cementitious materials (SCM)
to ordinary Portland cement are widespread recommendation to reduce CO2 emis-
sion. But there are not abundant; as a consequence, several studies have been carried
out on different types of clays to know their thermal behavior and to analyze their
potential use as pozzolanic addition in cement industry.

When calcined clay is incorporated to blended cements, several simultaneous
effects occur such as filler and dilution effects and pozzolanic reactions that improve
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the cement-based material. The main shortcoming of these SCM is the large water
demand [1].

Among the natural clays, illite clays conserve the order of their structure layers
despite the thermal treatment, even after dehydroxylation [2]. As a consequence,
illitic clays have a high activation temperature. But considering the abundance of
illitic clays in several regions of the world, in recent years, their potential use as
SCM in blended cements has been widely investigated [3–6].

The illite is a clay mineral from the group of hydrated micas; they differ from
micas by having silicon substituted by aluminum and part of these ions displaced
by iron or magnesium ions, by containing water and having part of the potassium
substituted by calcium and magnesium [7].

Previous works [3–6] have allowed to know the thermal behavior of these clays
and to determine the optimum calcination temperature for their use as SCM. When
calcined clays are used as SCM in blended cements, they act in two different ways
during hydration: as filler in the first ages and later as a pozzolanic addition. It
has been demonstrated that the pozzolanic contribution of calcined illitic clays is
moderate and delayed in time with respect to other clays, especially kaolinitic ones.
Therefore, compressive strength values denote the effect of dilution at early ages.

On the other hand, alkaline activation is a technology that has been used for a
long time [8–10] for the formulation of alkaline cements based on slag and fly ash
(containing reactive species as SiO2 and Al2O3), from alkaline solutions specially
designed for that purpose. However, waste materials such as glass that containing
alkalis and they are not totally recycled or are used in other industries [11] can also be
used. The finely ground glass, due its amorphous nature, reacts quickly contributing
to early hydration, while providing the alkalis necessary for an alkaline activation.
The application of this technology, in addition to promoting the use of waste and/or
industrial by-products as raw materials, reduces energy consumption and the levels
of emissions.

In this paper, blended cements with 30% of calcined illitic clays were analyzed
and the effect of different percentages of replace by glass powder wastes (between 5
and 30%) was studied. The early hydration was described by calorimetric isothermal
conductivity test, and the performance of blended cements mortars was evaluated by
fluidity test and by measurement of compressive strength. The pozzolanicity activity
of each mixture was evaluated by the Frattini test at different ages.

2 Materials and Methods

An ordinary Portland cement (PC), calcined illitic clay (IC) and ground white bottle
glass were used. The glass was ground until retained on sieve 45 μm (# 325) was
less than 12%, using a laboratory ball mill. The IC was calcined al 950 °C for this
activation and then was ground until retained on sieve 45 μm (# 325) was less than
12%.
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The chemical composition of materials was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis in an external laboratory
(ALS,Argentine). Themineralogical compositionwas identified byX-ray diffraction
(XRD) using a Philips PW 3710 diffractometer operating with Cu Kα radiation at
40 kV and 20 mA. The size distribution curves were determined using Malvern
Mastersizer 2000 laser particle size analyzer, and the d90, d50 and d10 diameters
were calculated.

The reference clay blended cement was made in proportion 30:70 (IC:PC) and
then the IC was replaced in 5–30% by mass by glass powder (GP). The name given
to each sample was: CIG0 (the reference, with 70% of PC, 30% of IC and 0% of
GP), CIG5, CIG10, CIG15, CIG20, CIG25 and CIG30, being 5–30 the replacement
percentages of the illite calcined clay by the ground glass, respectively.

The heat evolution rate and the cumulative heat released during the early hydration
(first 48 h) of different pastes with water/cementitious material ratio of 0.5 (w/cm =
0.5) were registered by isothermal conduction calorimetry at 20 °C.

Pozzolanic activity was determined by Frattini test according to the procedure
described in EN196-5 at 2, 7 and 28 days. This test evaluates the pozzolanic activity
of blending cements measuring its reaction with the Ca(OH)2 released during the
cement hydration. The result is considered positive when the points are located below
the calcium hydroxide solubility isotherm at 40 °C.

The workability of mortar was determined using the flow table test according
to ASTM C1437 as the diameters of spread mortar measured along four lines and
expresses in percentage. Mortars were cast in 40 × 40 × 160 mm molds and then
compacted in two layers, coveredwith plastic sheet to prevent water loss and stored at
20± 2 °C. Standard siliceous sand andw/cm= 0.50were used.After 24 h, specimens
were removed from the molds and tightly covered with plastic sheets and stored until
the test age was reached. From different blended cements, the compressive strength
was determined at 2, 7, 28 and 90 days. The reported results are the average of six
compression tests.

3 Results and Discussion

3.1 Characterization of Materials

The chemical composition and physical properties of the rawmaterials are presented
in Table 1. The mineralogical composition of the cement is: 63.6% C3S, 15.1% C2S,
2.8% C3A and 15.0% C4AF. The predominant mineral in clay is illite (75.4%) and
quartz (23.0%) [3]; the whole set is impregnated with iron oxide that determines the
color of calcined clay, being classified as a ferruginous shale [12]. The glass was
obtained from discarded bottles. Both IC and GP have higher specific surface than
PC and lower density.
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Table 1 Chemical composition and physical properties of materials

SiO2 Al2O3 CaO Fe2O3 Na2O K2O SO3 MgO LOI

PC 20.41 3.86 63.30 4.50 0.16 0.85 2.28 0.70 3.26

IC 66.30 16.28 0.33 9.23 0.08 5.60 – 1.46 0.58

GP 70.91 1.55 10.75 0.26 13.80 0.89 0.21 0.10 1.14

Physical Properties PC IC GP

Density (g/cm3) 3.13 2.58 2.50

Specific surface (m2/kg) 354 552 609

Particle size distribution (μm) d90 60.7 35.6 24.6

d50 18.7 7.4 7.5

d10 2.7 1.3 1.6

3.2 Calorimetry Studies

Figure 1 plots the rate of heat release (dQ/dt) as a function of time during the first
48 h of hydration and Table 2 shows a summary of the singular points for the PC and
CIG0, CIG15 and CIG30 samples.

At the beginning of hydration, the heat release rate of PC is high and then decreases
reaching the first minimum at 140 min with an intensity of 0.22 mW/g. All the other
samples needed greater times until they reach the first minimum (between 140 and
150 min) and have lower intensities (from 0.18 to 0.16 mW/g).

Fig. 1 Rate of heat release (dQ/dt) for PC, CIG10, CIG20 and CIG30 samples, during the first 48 h
of hydration
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Table 2 Singular points and total heat

Samples 1st minimum 2nd maximum Qt
(J/g)Age (min) Intensity (mW/g) Age (min) Intensity

(mW/g)

PC 140 0.22 875 1.19 102.03

CIG0 140 0.18 850 0.95 83.95

CIG15 145 0.17 840 1.05 87.67

CIG30 150 0.16 820 1.18 92.07

These differences are mainly because of dilution generated by the replacement.
Less cement particles require more time to saturate the pore solution and to resume
the hydration reactions. Since the total replacement level is always 30%, the IC/GP
combination shows that the higher the content of calcined clay, the intensity of the
first minimum increases and as the content of GP increases, increases the time in
which this occurs.

Hydration continues with the formation of calcium silicate hydrate and with an
increase in the intensity, reaching the second maximum for PC at 875 min with an
intensity of 1.19 mW/g. The samples CIG0–CIG30 reach it before (between 820 and
850 min ≈ 14 h) and with lower intensities (from 0.95 to 1.18 mW/g).

The IC/GP combination shows that as the content of IC increases, the intensity
of the second maximum decreases and as the content of GP increases decreases the
time that it occurs. The two additions stimulate the hydration of the cement, but GP
does it with greater intensity, possibly by the liberation of alkalis (Na2Oeq: 14.39%
the ground glass and 3.76% the calcined clay).

At this moment, the parameters that can be related are: (a) the end of setting time,
which should be lower than of PC and decrease with the increase in GP content; (b)
the [OH−] measured at the first hours following the methodology of Frattini test (see
point 3.4), which should be greater than that of the PC and increase with the content
of GP.

Table 2 also shows that the total heat released during the first 48 h of hydration
of the CIG samples, although it is lower than that of the PC, in all cases, is greater
than that corresponding to 70% of the PC (71.42 J/g), which shows the effect of early
stimulation by the two additions, the greater being that generated by the ground glass.

This parameter can be related to: (a) the [OH−] measured at 24 and 48 h following
the methodology of the Frattini test (see point 3.4), which should increase with the
increment in the content of GP; (b) the compressive strength at two days, which
should be greater than that corresponding to 70% of the PC.

The above mentioned shows the synergy between both additions that mildly stim-
ulate early hydration; the incorporation of GP instead of IC improves the Qt in the
first 48 h, which helps to reduce the dilution effect generated in the first ages.
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3.3 Flow and Compressive Strength

The results of fluidity and compressive strength, in percentages relative to the PC
mortar, are presented in Table 3 for all the mortars studied.

The flow value of the PC mortar was 125% and the strength values were: 18.6,
34.8, 46.6 and 53.7 MPa at the ages of 2, 7, 28 and 90 days, respectively.

Table 3 shows that the fluidity of mortars GIC0 to GIC30 is lower than that of PC
mortar, and as the IC is replaced by GP, the fluidity decreases. However, the ratio
w/cm remains constant and equals to 0.5 for all mortars, and both additions are not
reactive at an early age.

This behavior may be due in part to the fact that the particles of IC, which replace
those of PC and those of GP that replace the IC, have larger specific surfaces than
PC and IC, respectively. Consequently, they require more water to wet the surface
(see Table 1), leaving less water to act as a lubricant for the particles. To this must
be added the lower density of the IC with respect to that of PC and that of GP with
respect to that of IC (see Table 1).

Both effects (the smaller particle size and the lower density) contribute to the lower
fluidity recorded by the mortars with replacements by IC at first and subsequently
by GP.

Table 3 presents too, the results of compressive strength with respect to the PC
mortar. In general, the resistance is greater than 70% of the resistance of the PC
mortar at two days. This percentage increases with age, exceeding 75% at seven
days and 100% at 28 and 90 days.

At two days, mortars with CIG0–CGI30 show compressive strength values
affected firstly by the dilution due to the lower cement content and by the greater
porosity caused by the increase in the effective w/c, which changes to 0.5 for the
PC mortar at 0.71 for mortars CIG0–CIG30. Consequently, the expected resistance
would be less than 70%, a fact that did not happen, but quite the opposite, which is
consistent with the Qt reached by the pasta at the age of 48 h, as previously stated.

Table 3 Fluidity and compressive strength relative to PC mortar

Mortars Flow (%) Compressive strength (%)

Age (days)

2 7 28 90

PC 100 100 100 100 100

CIG0 93 77.4 86.4 101.3 109.8

CIG5 92 78.1 86.1 113.8 112.3

CIG10 89 73.7 82.9 109.4 109.7

CIG15 89 72.2 78.9 109.5 112.9

CIG20 89 80.6 86.3 107.4 120.0

CIG25 85 75.6 76.0 108.9 103.0

CIG30 82 68.6 75.2 107.9 101.4
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After seven days, there was a considerable increase in the compressive strength
overcoming the effect of dilution (all mortars had a compressive strength greater
than 70% of the PC mortar). This effect can be attributed to the best packaging by
the incorporation of particles of smaller sizes than those of cement (see Table 1), and
chemical stimulation produced by the pozzolanic reaction of both: the IC and the
GP.

At 28 and 90 days, the mortars CIG0–CIG30 reach and overcome the compres-
sive strength of the PC mortar, showing a moderate pozzolanic activity of the IC,
the normal pozzolanic activity of the GP and the synergy produced between both
additions, especially in CIG20 (10% IC and 20% GP).

3.4 Pozzolanicity

The results of the Frattini test are shown in Fig. 2. The solubility isotherm of calcium
hydroxide delimits the non-pozzolanic (above) and pozzolanic (below) response
zones.

For theCIG0–CIG30 samples at early ages (12, 24 and 48h), the values obtained in
the Fratini test indicate a consumption of [CaO] by the pozzolanic reaction, although
they are still located above the solubility isotherm (non-pozzolanic zone). They also
show an increase in [OH−] with age, due to the release of alkalis by both additions.
The [OH−] grows especially with the increase of GP.

This is consistent with the shorter time required by the pastes to reach the second
maximum of the calorimetric curve as GP content increases.

From seven days, CIG0–CIG30 samples show positive results; that is, their repre-
sentative points are located below the solubility isotherm; decreasing the [CaO] and
increasing the [OH−], both movements are recorded when the GP content increases.
This confirmed the compressive strength results after seven days and the synergy
between both additions.

In Fig. 3, it can be observed the alkalis released with ages, by GP principally and
the CaO consumption by GP and IC with age, principally by GP.

4 Conclusions

With the materials and methodologies used in this work, can be concluded regarding
the incorporation of GP as partial replacement of IC in blending cements that:

Theheat released in thefirst hours of hydration, followedby isothermal conduction
calorimetry, shows that the effects of dilution are only partially compensated with the
early stimulation generated by the additions. The replacement of GP by IC increases
the degree of compensation.
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Fig. 2 Results of Frattini test at: 12, 24 and 48 h (up) and 7, 28 and 90 days (down)

The compressive strength at 28 days, of all mortars, exceeds the PC one. The
replacement of GP by IC improves the values reached by CIG0 overcoming it by
around 10% for GIG20.

The Frattini test from 12 h to 90 days shows, in addition to the pozzolanic activity,
the alkali leaching from the GP, which contributes to the alkaline activation.

The replacement of GP by IC causes an additional stimulation of the hydration
reactions of the PC and contributes along with the IC to the pozzolanic activity. This
additional stimulation was attributed to the alkaline self-activation as consequence
of alkali leaching from the GP.

Consequently, replacement percentages between 5% and no greater than 20% of
GP by IC are adequate to improve the compressive strength, without excessive alkali
release.
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Fig. 3 Results of Frattini test: alkalis released (up) and CaO consumption (down)
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Why Low-Grade Calcined Clays Are
the Ideal for the Production of Limestone
Calcined Clay Cement (LC3)

Sreejith Krishnan, D. Gopala Rao and Shashank Bishnoi

Abstract Clinker substitution by a combining multiple supplementary cementi-
tious materials has been established as the most promising solution for combating
the greenhouse gas emissions from the cement industry. Limestone calcined clay
cement is a ternary cement in which clinker is partially replaced using calcined clay
and limestone. This paper discusses the importance of using low-grade kaolinite clay
for producing limestone calcined clay cements. While it appears that higher grade
clay would be more beneficial at higher substitution levels, it is seen that the avail-
ability of portlandite becomes the limiting factor in LC3 cements having low clinker
factors. Additionally, the reduction in the long-term clinker hydration, which has
been reported in LC3 systems, is not observed in the presence of low-grade kaolinite
clay.

Keywords Low-grade clays · Limestone calcined clay cement · Portlandite

1 Introduction

Recent studies have highlighted the importance of developing sustainable alternatives
to ordinary Portland cements to mitigate greenhouse gas emissions from the cement
industry [1–3]. Decomposition of limestone in the rotary kiln is the major source of
carbon dioxide emission during the production of clinker. Hence, partially replacing
clinker with supplementary cementitious materials (SCMs) such as calcined clay
or fly ash has emerged as a promising solution to produce sustainable cements.
Considering the significant demand for cement, it is important to choose SCMs that
are available in sufficient quantities worldwide. Calcined clay and limestone appear
to be the favourable choices for partial clinker replacement due to their widespread
availability [4, 5]. It has been reported that the presence of high levels of clinker
substitutions can be achieved by combining limestone and calcined clay (also known
as limestone calcined clay cement or LC3). LC3 having a composition of 50% clinker,
30% calcined clay, 15% limestone and 5% gypsum has been widely investigated by
various researchers [6–10].
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One of the significant advantages offered by ternary cement blends is the ability to
customize the blend composition depending on the end-user requirements. There are
various factors that can be modified, such as the clinker factor, grade of the kaolinite
clay, the type of limestone, etc. that can be optimized to produce an LC3 blend with
desirable properties. Generally, it is believed that using higher grade calcined clay
would be beneficial while producing blended cements. This paper tries to highlight
why using lower-grade clays would be beneficial for producing limestone calcined
clay cements.

2 Why Lower-Grade Clays?

High levels of clinker substitution levels can be achieved in LC3 systems due to the
synergy between clinker, calcined clay and limestone. The fast pozzolanic reaction
of the calcined clay improves the early age strength development in the LC3 despite
having lower clinker factors. The reaction of limestone leads to the formation of
carboaluminate phases that prevent the transformation of ettringite to monosulphate,
leading to improve space filling by the hydration products. Both the reactions can
be combined into a single equation, as shown in Eq. 1. It should be noted that the
composition of the C-A-S-H gel formed in the system was measured using SEM–
EDS analysis, and this composition can vary depending on various parameters such
as alkali content, clinker factor, etc. [11, 12].

0.5AS2 + 2.75CH + 0.38Cc + 5.43H → C1.61 A0.12 SH4 + 0.38C4 AcH11 (1)

In most LC3 systems, the availability of portlandite is the limiting factor. Hence,
the optimum composition is considered to be the one where the entire portlandite
is consumed in the reaction with calcined clay and limestone, leaving behind no
unreacted metakaolin. This also becomes important in case of lower clinker factors,
since the availability of portlandite is directly dependent on the amount of clinker
present in the systems as well as the degree of hydration of clinker phases. Table 1
shows the details of three LC3 blends have clinker factor of 0.55, 0.70 and 0.85. The
cements were prepared using a clinker having 48.1% C3S, 29.4% C2S, 4.34% C3A
and 17.67% C4AF. The calcined clay used for preparing these blends contained
approximately 56.5% amorphous content. The compressive strengths of the three
blends are shown in Table 2.

Table 1 Details of LC3 blends having different clinker factor

S. No. Blend name Cement (%) Calcined clay (%) Limestone (%)

1 LC3-55 55 30 15

2 LC3-70 70 20 10

3 LC3-85 85 10 5
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Table 2 Compressive
strengths of LC3 blends
having different clinker
factors

Blend name 7 days
(MPa)

28 days
(MPa)

90 days
(MPa)

LC3-55 34 41.2 43

LC3-70 31.1 42.4 43.7

LC3-85 30.7 41 45.2

It is interesting to observe that, despite the differences in clinker factors, the
strength development in all the three LC3 blends is similar. The reason for these
trends become clearer when examining the amount of portlandite remaining in these
systems at different ages (Fig. 1). In the LC3-55 system, the no significant amount
of portlandite is observed after three days, whereas, in LC3-70 system, a gradual
reduction of the portlandite is seen until 90 days. This indicated that the pozzolanic
reaction continues in the LC3-70 system even up to 90 days. However, the portlandite
content was observed to increase continuously in the LC3-85 system, which indicates
that the pozzolanic reaction in this system is completed by three days. It should be
once again noted here that the calcined clay contains only 56.5% amorphous content.
Therefore, the actual reactive content from calcined clay in LC3-85, LC3-70 and
LC3-55 was 16.95%, 11.3% and 5.65%, respectively. This suggests that using higher
grade claywould be beneficial in the case of LC3-85 for obtaining higher compressive
strengths. Thiswould be beneficial in completely consuming the portlandite available
in this system. On the other hand, utilizing lower-grade clay would be beneficial in
the LC3-55 since there is not enough portlandite forming in this system to completely
consume the available metakaolin from the calcined clay.

Table 3 shows the details of three LC3-55 blends produced using different grades
calcined clay. The numbers in the bracket correspond to the amount of reactive
metakaolin present in the calcined clays. Figure 2 shows the compressive strength
development in LC3-55 blends producedwith different grades of clays. The influence

Fig. 1 The amount of
portlandite present in the
different LC3 systems
estimated using QXRD
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Table 3 Details of LC3-55 blends having produced with different grades of calcined clays

S. No. Blend name Cement (%) Calcined clay
(%)

Limestone (%) Quartz (%)

1 LC3-55(27%) 55 30 15 0

2 LC3-55(56.5%) 55 30 15 0

3 LC3-55(80%) 55 30 15 0

4 LC3-55(Q:L) 55 0 15 30
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Fig. 2 The compressive strength development in the LC3 blends prepared with different grades of
kaolinite clay

of calcined clay in improving the compressive strengths in LC3 systems is clearly
seen in the strength results. Even when a lower-grade calcined clay is used, which
was the case in LC3-55(27%), the seven-day compressive strength was greater than
the 90 days strength of LC3-55(Q:L). The impact of having higher grade calcined
clay in the LC3 appears to be limited to the early ages (up to seven days). This is
very apparent in the compressive strength at three and seven days, with an increase
of nearly 30% in strength when higher grade calcined clay is used. Higher strengths
were observed for LC3-55(56.5%) and LC3-55(80%) up to 28 days when compared
to LC3-55(27%), but the 90-day strengths were similar and within 10% value of each
other. From the trends observed, it is clear that the grade of calcined clay appears to
affect the rate at which strength development takes place in LC3-55 systems and not
the ultimate strength itself. The addition of the higher grade calcined clays improves
the strength at initial ages, but the final age strengths are very similar across the three
blends.

Once again, the reason for such a trend appears to be the additional clinker hydra-
tion observed in the LC3-55 (27%) compared to other two blends where clinker
hydration remainsmore or less same from 28 to 90 days (Fig. 3). This is also reflected
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Fig. 3 The degree of
hydration of belite in the
LC3 blends with different
grade of kaolinite clays
estimated using QXRD
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in the strength development trends, where only amarginal strength gainwas observed
from 28 to 90 days in LC3 blends with higher grade clays. It should be noted here
that the 90-day strength of LC3-55 (80%) was slightly lower than LC3-55 (56.5%),
but the difference in strengths was still within 10% variation. From the compressive
strength results, it is clear that use of higher grade clay may not translate into higher
compressive strengths.

3 Conclusions

It is clear that using lower-grade clay would be beneficial in blended cements. This is
especially critical in the case of blended cements having low clinker factors since the
availability of portlandite becomes the limiting factor in these systems. Additionally,
it is also seen that higher grade clay also reduces the long term hydration of clinker
phases. Therefore, using higher grade clay leads to inefficient clinker utilization in
low clinker cements. Such a reduction was not observed when lower-grade clay was
used. The later age compressive strengths were observed to be similar in the LC3

blends studied irrespective of the grade of calcined clay used. However, higher grade
clay can be used in blends with higher clinker factors so as to completely consume
the portlandite.
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The Effect of Calcite in the Raw Clay
on the Pozzolanic Activity of Calcined
Illite and Smectite

Tobias Danner, Geir Norden and Harald Justnes

Abstract The pozzolanic reactivity of four calcined natural clays (two being rich
in illite and two being rich in smectite) was investigated by means of 28 days com-
pressive strength of mortars and calcium hydroxide (CH) consumption in pastes of
calcined clay and CH. The materials were characterized by XRD, XRF, BET, SEM
and TG/DTG. Hydrated pastes of clay and CH were investigated by means of XRD,
DTG and SEM. Besides clay minerals, two of the investigated raw clays contained
15 and 25% calcite, respectively. At optimum calcination temperature, calcined clays
containing smectite and calcite, and illite and calcite in the raw clay had higher poz-
zolanic reactivity than clays containing smectite and illite alone. Results indicate
that in clays containing high amounts of calcite, the formation of a glass phase upon
calcination contributes to the pozzolanic reactivity.

Keywords Clay · Illite · Smectite · Calcite · Pozzolanic reactivity

1 Introduction

Depending on clay mineralogy, calcination of clays between 600 and 900 °C leads
to the formation of amorphous or disordered metastable phases with high pozzolanic
activity [1]. The pozzolanic activity usually increases in the order illite, smectite,
kaolinite. Additionally, recent studies showed that the coupled substitution of cement
by blends of calcined clay and limestone allows for total substitution levels up to 45%
due to a strong synergetic effect [2, 3]. On the other hand, only few studies covered
investigations on natural clays already containing high amounts of calcium carbonate
before calcination. A recent study showed that marl (47% calcium carbonate in the
raw material) can be a good pozzolanic material when calcined between 400 and
800 °C [4]. Calcareous clay is often regarded as not suitable for the production of
burnt clay products (e.g., bricks and lightweight aggregate) due to concerns about
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the decomposition of CaCO3 to CaO after burning. During service, CaO may react
with moisture to form Ca(OH)2 which can result in so-called pop outs. Thus, these
types of clays are not yet exploited by other industries and can serve as a large SCM
resource to produce blended cements.

Results from the following investigations indicate that calcite impurities in the
raw clay can increase the pozzolanic activity of otherwise low reactive smectite and
illite clays.

2 Materials

Tables 1 and 2 show the bulk mineralogy of crystalline phases of the raw clays before
calcination and the chemical composition of the different clays calcined at 800 °C,
respectively. Two of the investigated clays are rich in smectite (Sm) while the other
two investigated clays are rich in illite (Ill). All clays contain carbonate minerals
(calcite, dolomite, siderite) while two of the investigated clays contain considerable
higher amounts of calcite than the others (Sm-Ca and Ill-Ca). There are additional
differences in the amount of other clay and non-clay minerals.

Calcium hydroxide (CH) used in pastes with calcined clay was of laboratory
grade. The cement used in mortar tests was a CEM I 42.5 R.

For artificial pore water, potassium and sodium hydroxide of analytical grade
were mixed with water. The artificial pore water used in pastes of calcined clay and
CH had a pH of 13.2 and a KOH:NaOH ratio of 2:1.

Table 1 Mineralogical composition of raw clays before calcination

Sm Sm-Ca Ill Ill-Ca

Kaolinite (%) 1.0 8.4 5.2 8.0

Smectite (%) 42.5 53.5 0.2 2.0

Illite (%) 5.6 4.4 39.6 33.0

Chlorite (%) 1.0 – 9.1 –

Quartz (%) 32.6 4.3 17.1 22.0

K-feldspar (%) 8.2 – 4.8 4.0

Plagioclase (%) – – 6.5 4.0

Calcite (%) 4.6 24.7 2.8 15.0

Siderite (%) 4.4 3.1 – –

Dolomite (%) – – – 4.0

Pyrite (%) – 1.3 – –

Hematite (%) – – 14.7 –

Goethite (%) – – – 8.0
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Table 2 Chemical composition of the clays calcined at 800 °C

Oxide (%) Sm Sm-Ca Ill Ill-Ca

SiO2 61.4 48.7 56.1 57.4

Al2O3 19.5 17.8 20.1 15.7

Fe2O3 6.9 10.4 9.9 8.0

CaO 3.2 13.8 1.1 9.2

K2O 3.1 2.4 5.0 3.9

Na2O 0.1 0.7 – 0.2

MgO 3.0 2.8 5.0 3.1

TiO2 1.1 1.0 0.9 0.8

LOI (1100 °C) 1.7 2.4 1.1 1.7

3 Methods

The raw clays were calcined in a pilot-scale natural gas heated rotary kiln at IBU-
Tec advanced materials AG (Weimar, Germany) with a residence time of 45 min.
In earlier investigations, the clays were calcined at different temperatures between
600 and 1100 °C and their pozzolanic reactivity was investigated in dependence of
the temperature [5, 6]. Although the calcination temperature of highest pozzolanic
reactivity can depend considerably on the claymineralogy, Sm, Sm-Ca, Ill and Ill-Ca,
all showed their highest pozzolanic reactivity close to 800 °C [5].

Qualitative X-ray diffraction (XRD) was performed on a Bruker D8-Advance
equipped with a Lynx Eye detector and a Cu-Kα X-Ray source. A fixed divergence
slit of 0.2 mm was used. Measurements were taken from 5°–65° 2θ with a step size
of 0.2° 2θ and a step time of 1 s. Quantitative Rietveld analysis of the raw clays was
performed as described in [6].

X-ray fluorescence (XRF) was performed on molten glass disks with a Bruker
AXS S8 Tiger WDXRF with a 4 kW generator.

BET specific surface area was measured with a Micromeritics Tristar 3000. Prior
to analysis, the samples were degassed.

Scanning electron microscopy (SEM)was performed on a JEOL JXA-8500F elec-
tron probe microanalyzer (EPMA) equipped with five wavelength dispersive X-ray
spectrometers (WDS) and an energy dispersive X-ray spectrometer (EDS). Samples
were cast in epoxy resin, polished and surface coated with carbon. Analysis was
done in backscattered electron imaging (BEI) modus with an accelerating voltage of
15 kV.

Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA/SDTA 851. The powdered paste samples were analyzed with a heating rate
of 10 °C/min between 40 and 1100 °C. All measurements were performed in nitro-
gen atmosphere with a flow rate of 50 ml/min. The CH consumption in pastes after
28 days of hydration was calculated from the weight loss temperature interval of CH
decomposition using the horizontal tangents method.
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Pozzolanic activity was tested according to an internal SINTEF procedure. Cal-
cined clay and CH were mixed in a ratio of 1:1 with water to binder ratio of 0.9.
Artificial pore water was used as mixing water and pastes were mixed for 1 min by
hand with a plastic spatula. The mixed pastes were stored sealed at 20 °C for 28 days.
The hydration of the pastes was stopped by crushing the samples to a fine powder
and washing it several times in ethanol. After filtration, the samples were dried at
about 35% relative humidity (RH) in a closed desiccator upon CaCl2 saturated water.

Compressive strength of mortars was tested with 20% substitution of Portland
cement (PC) by calcined clay according to NS-EN 196-1. The water to binder ratio
(w/b) was held constant at 0.5 in all mortar mixes and the consistency was deter-
mined using a flow table. To keep the flow within ±5% of the reference mortar, the
consistency was adjusted with superplasticizer when necessary. The mortar mixes
were cast in three 40 × 40 × 160 mm molds and stored in a cabinet for 24 h at
23± 2 °C and 90% RH. After 24 h, the mortar prisms were removed from the molds
and stored in saturated CH water for 28 days.

4 Results and Discussion

4.1 Changes upon Calcination

Themineralogical changes of all investigated clays upon calcination are documented
in detail in [5]. At 800 °C, all clay minerals were completely dehydroxylated and
smectite and kaolinite were transformed to metastable phases. Illite, on the other
hand, showed still a distinct peak in the XRD diffractograms of the clays indicating
an incomplete breakdown of the structure [5]. Increased background observed in
XRD diffractograms after calcination indicated higher amorphization of samples
Sm-Ca and Ill-Ca compared to Sm and Ill. XRD and FT-IR analysis showed that
in sample Sm-Ca, small amounts of undecomposed calcite (3–5%) were left after
calcination at 800 °C [5, 6].

A typical difference between the samples containing high and low amounts of
calcite was the formation of a glass phase upon calcination in samples with high
calcite content (Fig. 1). Figure 1 shows the BEI images of Sm-Ca and Ill-Ca before
and after calcination. The formation of a glass phase after calcination at 800 °C was
not observed in samples Sm and Ill with only small amounts of calcite in the raw
clay.

The formation of a glass phase in calcite containing clays was also observed in
other studies [7, 8]. Due to the formation of the glass phase, the BET surface area
decreased significantly for samples Sm-Ca and Ill-Ca upon calcination (Table 3).
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Fig. 1 BEI images of Sm-Ca and Ill-Ca not calcined (left) and calcined at 800 °C (right)

Table 3 BET specific surface area of the investigated clays before and after calcination at 800 °C

Sm Sm-Ca Ill Ill-Ca

BET surface (m2/g)—raw clay 21 71 41 48

BET surface (m2/g)—800 °C 30 15 23 9

4.2 Calcium Hydroxide Consumption

Table 4 shows the results of measured CH consumption of pastes of calcined clay
and CH hydrated for 28 days at 20 °C. The highest pozzolanic activity in terms of
CH consumption was measured in clay Sm-Ca, which was about double as high as

Table 4 CH consumption and bound water of pastes of calcined clay and CH hydrated for 28 days
at 20 °C measured with TGA

Sm Sm-Ca Ill Ill-Ca

Consumed (g CH/g clay1) 0.26 0.52 0.23 0.34

Bound water (by dry weight at 350 °C) 6.2 11.4 5.9 7.9

1STDEV <0.05
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the CH consumption in clay Sm. Clay Ill-Ca had a higher CH consumption than clay
Ill but lower than SM-Ca. The CH consumption of clay Sm and Ill was about equal.
For comparison, laboratory grade pure metakaolin had a CH consumption of about
0.7 g CH/g clay.

Figure 2 shows the formation of hydration products in the pastes of calcined clay
with CH as analyzed with DTG and XRD. The DTG results confirmed that clay
Sm-Ca had the highest CH consumption (peak at 500 °C) and formed the highest
amount of hydration products from the pozzolanic reaction. The peak at around
160 °C is typical for the formation of AFm phases. Ill-Ca forms more hydration
products than Ill and Sm but less than Sm-Ca. As seen in the XRD diffractograms,
monocarboaluminate (Mc) is the main hydration product in all pastes. This might
be due to small amounts of calcite left in the calcined clays or small impurities of
calcite in the CH. XRD confirms the DTG results showing that Sm-Ca formed the
highest amount of hydration products. In addition to monocarboaluminate, a peak
for hemicarboaluminate (Hc) is visible. In addition, the peak between hemicarboa-
luminate and monocarboaluminate in sample Sm-Ca might reflect Fe-substituted
carboaluminate hydrate [9, 10].

The results show that besides the smaller BET surface area after calcination, the
clays initially containing higher amounts of calcite (Sm-Ca and Ill-Ca) have a higher
pozzolanic reactivity than the clays with small amounts of calcite before calcination.
One reason for the high pozzolanic activity of Sm-Ca might be that there was about
5% calcite left in the clay after calcination. It is known that calcite together with
the metastable clay minerals contributes to a synergetic effect increasing the amount
of bound water [2]. Furthermore, SEM observations indicate that the glass phase in
Sm-Ca and Ill-Ca calcined at 800 °C contributed to the pozzolanic reaction. Figure 3
shows BEI images of the paste of Sm-Ca and CH after hydration for 28 days. To
the left, a large calcite particle is shown. The right picture shows a glass particle.
Both calcite and the glass phase have a clear reaction rim with the formation of
hydration products at the edges. EDX phase analysis confirmed the formation of
carboaluminate hydrate (Fig. 3-left) and aC-A-S-H phase (Fig. 3-right), respectively.

McHc
CH

Ill/
Sm

Fig. 2 DTG (left) and XRD (right) of pastes of calcined clay and CH hydrated for 28 days at 20 °C
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Fig. 3 BEI images of paste of Sm-Ca_800 with CH hydrated for 28 days. White arrows indicate
reaction rims around calcite (left) and glass phase (right)

Still, Sm-Ca and Ill-Ca do also contain slightly higher amounts of kaolinite in the
raw clay compared to Sm and Ill. Upon calcination, small amounts of metakaolin
might also contribute to reactivity.

4.3 Compressive Strength of Mortars

Figure 4 shows the relative compressive of mortars with 20% replacement of cement
by the respective calcined clay. It can be seen that the clays initially containing high
amounts of calcite show better performance in mortar testing than the clays with
only small amounts of calcite. The mortar with 20% Sm-Ca reached 113% of the
strength of the reference, while themortarwith 20% Ill-Ca had about the same 28-day
strength as the reference mortar. Mortars with 20% Sm and 20% Ill had about 95 and

Fig. 4 28 day relative
compressive of mortars with
20% replacement of cement
by the respective calcined
clay
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85% of the reference strength after 28 days. As expected, clays rich in Illite are less
reactive than clays rich in smectite [1]. The results indicate that calcite impurities
in raw clays can have a positive effect on the pozzolanic activity when calcined at
optimum temperature.

5 Conclusions

• Calcareous clays have the potential to be used as a SCM in cement production.
• Clays with a calcite content between 15 and 25% in the raw clay appear to form
a reactive glass phase upon calcination.

• Results indicate that the reactivity of illite and smectite rich clays can be increased
when calcite is present in the raw clays.
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Activated Calcined Clays as Cement
Main Constituent

Simone Elisabeth Schulze, Roland Pierkes and Joerg Rickert

Abstract Within three research projects, VDZ was able to show the performance of
several calcined impure clays as supplementary cementitious materials (SCM). The
used kaolinitic, illitic, and chloritic clays indicated low ceramic qualities and repre-
sented typical clays of cement plant quarries. Even suitable calcination conditions
led to acceptable pozzolanic reactivity of the calcined clays. Illitic clay of low quality
was mixed with few amounts of CaO added as limestone and calcined at different
temperatures to investigate the influences of CaO addition on pozzolanic activation
of the clay. The obtained sampleswere analyzed concerning theirmineralogical com-
position and their amounts of reactive components. These activated calcined clays
were used as SCM to mix laboratory cements with 20 and 40 mass % of calcined
clay and were subjected to cement performance tests. The procedure may offer an
opportunity to improve the quality of calcined clays for use as SCM produced with
clays of lower quality. Currently, research is done to use, e.g., bypass dusts as clay
activating calcium source to find another suitable valorization of by-products from
the clinker production.

Keywords Calcined clay · Reactivity · Compressive strength

1 Introduction

Although suitable raw material resources exist in Europe, calcined clays have rarely
been used in cements upto now. The influence of the chemical and mineralogical
composition of clays on their suitability as a supplementary cementitious material
(SCM) has been successfully investigated in the recent past. In a completed research
program, VDZ investigated a couple of different kaolinitic, illitic, and chloritic clays,
partially of low ceramic quality [1, 2]. For each type of clay, it was possible to meet
the requirements of the European Standard EN 197-1 for a natural calcined poz-
zolana applying appropriate calcination conditions. At laboratory scale, pozzolanic
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cements were produced using these calcined clays in portions of 20 or 40 mass %,
respectively. The cements performed well in crucial cement properties like worka-
bility and strength development. In a further research project, the potential of cement
optimization by adjusting the components clinker, calcined clay, and sulfate carrier
was investigated [3, 4]. To prove the applicability of such cements in concrete, their
performance, especiallywith regard to durability, was shown. The performance of the
tested binder systems was comparable to cements with other SCMs like limestone,
slag, or fly ash [5, 6].

In the present research, a clay of low ceramic quality (illitic claywith high amounts
of quartz), which is hard to activate by thermal treatment, was doped with CaO
to increase its amount of reactive components. The obtained activated pozzolanic
materials were investigated concerning their mineralogical composition and their
amounts of reactive phases. Pozzolanic cements with 20 and 40 mass % of the
activated calcined clays were produced on laboratory scale. Their phase development
during hydration and their compressive strength were tested.

2 Experimental Procedure

Mixtures of an illitic clay (T7) and varying amounts of CaO (5, 9, and 17 mass %)
added as limestone were calcined at 900, 1000, 1100, and 1200 °C under oxidizing
burning conditions according to Schulze and Rickert [1] to increase the amount of
reactive compounds of the clay. Table 1 shows the mineralogical composition of
the used clay, which consisted of high amounts of quartz beside the clay minerals
illite/muscovite and kaolinite.

The calcined samples were ground in a laboratory ball mill to achieve an equal
level of fineness.After that the amounts of reactive compoundswas determined acc. to
Surana [7]. To get themineralogical composition of the samples, XRDmeasurements
were carried out by means of PANalytical X’Pert Pro using Cu Kα radiation, and
evaluated with the TOPAS® Rietveld Software.

Pozzolanic cements with 20 and 40 mass % calcined clay, respectively, were
produced at laboratory scale by mixing the clays with an OPC (CEM I 52,5 R). Their

Table 1 Mineral
composition of the used illitic
clay T7

Mineral group T7–illitic

Quartz +++

Kaolinite ++

Illite/Muscovite +++

Mixed layer +

Feldspar +

Calcite (+)

+++/++ = main constituent, + = minor constituent, (+) = trace
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Table 2 Mortar compressive
strength acc. EN 196-1 of the
OPC (CEM I 52,5 R) used as
clinker component

Compressive strength, MPa

2 days 41

7 days 58

28 days 66

compressive strength was determined on 40 × 40 × 160 mm3 mortar prisms with a
water/cement ratio of 0.50 according to EN 196-1. Table 2 shows the compressive
strength data of the used OPC.

Cement samples with 40 mass % calcined clay were hydrated with water/solid
ratio of 0.50. After stopping the hydration process by acetone and diethyl ether, the
hydrated samples were examined by means of XRD.

3 Results and Discussion

3.1 Calcined Clay Samples

Figure 1 shows as an example of themineralogical phase composition of clay T7with
an addition of 9 mass % CaO as limestone and calcined in the range from 900 up to
1200 °C. Kaolinite, as well as mixed-layer clays (< 8° 2θ) were destroyed completely
at 900 °C. Some remaining illite structure and few amounts of calcitewere still visible
at that temperature. Most of the added limestone was calcined to free lime, but some
free calcium, alumina, and silica were already forming newCAS phases like feldspar
and gehlenite. At 1000 °C, the primary feldspar started to convert into anorthite, and
the free lime was consumed with additional silica forming wollastonite. At 1100 °C,

Fig. 1 Phase composition of clay T7 calcined with 9 mass % CaO in dependency on calcination
temperature (XRD), the black curve shows the phase composition of pure T7
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gehlenite and wollastonite started to form further anorthitic feldspar. The increased
resorption of quartz was visible at each temperature step. At 1200 °C, only anorthite
and some residual quartz could be determined clearly as crystalline phases. A broad
hump in the background level (15°–35° 2θ) indicated an increasing amount of X-ray
amorphous phases. It is expected that all mentioned CAS phases formed during the
calcination do not support the pozzolanic reactivity of the calcined clays.

By calcination of pure T7 (no figure), all clay minerals were destroyed at the
temperatures mentioned above and only very small amounts of the Ca-free phases,
sillimanite and hematite, were built as high-temperature phases.

It could be shown in [1] that the determination of reactive Si and Al according to
Surana’s method [7] is very sensitive to variations in the burning conditions during
the calcination of clays. Figure 2 shows the results of the determination of reactive
Si (left) and reactive Al (right) for T7 without CaO addition and also with 5, 9, and
17 mass % CaO after calcination at different temperatures. The data were referred
to the clay content of the samples, to eliminate a dilution effect. It is obviously that
except after the calcination at 1200 °C with increasing amount of CaO the amounts
of reactive Si and Al decreased. The amounts of reactive Si and Al also decreased up
to a calcination temperature of 1100 °C; however, there seemed to be a small growth
at 1200 °C.

As described above, the addition of CaO did not lead to the formation of reactive
hydraulic phases like belite, but phases like feldspar and gehlenite were formed
already at 900 °C.At higher temperatures, wollastonite and further anorthitic feldspar
were formed, which also bound Si and Al. As a result, the amounts of reactive Si
and Al decreased at higher calcination temperatures. Increasing amounts of CaO did
result in higher amounts of the mentioned stable phases; therefore, the pozzolanic
reactivity of the samples decreased.

0

10000

20000

30000

40000

50000

60000

800 900 1000 1100 1200 1300

Si
 a

cc
. t

o 
Su

ra
na

, p
pm

Calcina on temperature, °C

T7
T7-CaO-5
T7-CaO-9
T7-CaO-17

0

5000

10000

15000

20000

25000

800 900 1000 1100 1200 1300

Al
 a

cc
. t

o 
Su

ra
na

, p
pm

Calcina on temperature, °C

T7
T7-CaO-5
T7-CaO-9
T7-CaO-17

Fig. 2 Reactive Si and Al acc. to Surana’s method [7] dependent on amount of added CaO and
calcination temperature, data referred to the clay content of the calcined samples
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3.2 Cements Containing Calcined Clay Samples

The XRD investigation on the hydration products of pozzolanic cements showed
some influence of the doped calcined clay T7 on the hydration of the clinker. Figure 3
presents the diffraction pattern of the cement pastes hydrated for 28 days (OPC and
mixtures with 40 mass % T7 with 9 mass % CaO calcined at different temperatures).
Even taking into account the dilution of the OPC, there seemed to be a slight increase
in hydration of the clinker, leading to some stronger decrease in alite content. The
strongest effects were visible for the sample with the clay calcined at 900 °C (green
pattern), that also shows the highest amounts of reactive Si and Al (see Fig. 2).
Beside the strongest alite consumption especially the conversion from ettringite to
monosulfate and the amounts of other CAH phases like hemicarbonate (diffraction
area on 9°–12° 2θ) were significantly increased in that sample. The same effects
were already visible after 2 days of hydration as well as within the samples with
20 mass % calcined clay. Obviously the higher availability of reactive Al led to the
increased formation ofAl-bearing hydration phases and alite consumption. As shown
inFig. 2, the alumina reactivity of the calcined clays decreasedwith higher calcination
temperatures. Beside this, it is known that the lower the calcination temperature, the
higher the surface area of calcined clay is [2], which could be an additional reason
for the higher reactivity of the sample calcined at 900 °C and its enhancement of the
clinker reaction by working as nucleating agent.

In Fig. 4, the relative compressive strength data of pozzolanic cements consisting
of OPC and 20 or 40 mass % calcined clay T7 with 9 mass % CaO are given. All
data is referred to the compressive strength data of the used OPC (see Table 2). The
filledmarkers on the left show the relative compressive strength data of the respective
mixtures with calcined clay T7 without addition of CaO. For both groups of samples
(20 and 40mass% calcined clay), the results of the compressive strength were within
the area of the reference cement with T7 without CaO addition.

Fig. 3 X-ray diffraction pattern of 28 days hydrated OPC (black curve) and cement with 60 mass
% OPC and 40 mass % calcined clay (T7 with 9 mass % CaO calcined at different temperatures)
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Fig. 4 Compressive strength of the laboratory cements after 2 and 28 days of hydration with 20
and 40 mass % calcined clay with 9 mass % CaO related to strength development of the respective
OPC

After 2 days of hydration, the pozzolanic reaction had not started yet. Nevertheless
a significant strength contribution of the calcined clay could be observed, especially
in the mixtures with 40 mass % calcined clay. This strength contribution could be
traced to the enhancement of the clinker reaction by the calcined clay described above.
With increasing calcination temperature, the surface area of the clay decreased and
thus, the compressive strength of the respective pozzolanic cement decreased.

The growth of compressive strength between 2 and 28 days of hydration was
higher for the samples with 40 mass % calcined clay, which is an evidence for a
strong pozzolanic reactivity of all calcined clays. The calcination at 1200 °C had
a positive impact also on the compressive strength of the pozzolanic cements (see
Fig. 4) following the positive effect on their amount of reactive Si and Al (see Fig. 2).
As mentioned in the discussion of the phase composition of the clay calcined with 9
mass % CaO (see Fig. 1), a high amount of X-ray amorphous reactive phases could
be detected in this sample, which could be an explanation for this behavior.

4 Conclusions

The valorization of low-quality clays with impurities of quartz and calcite becomes
more and more in the focus of the cement industry. Within a current research project,
VDZ tested the suitability of such clays as SCMs, which were calcined with CaO at
different temperatures to achieve activated pozzolanic material.

The results showed that in the temperature range between 900 and 1100 °C, no
hydraulic phaseswere built in the clay samples dopedwith 9mass%CaOand also the
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amounts of reactive Si and Al decreased. However after the calcination at 1200 °C,
an increasing amount of X-ray amorphous phases and a respective higher amount of
reactive Al and Si could be detected.

XRD investigation on the hydration products of pozzolanic cements with the
doped calcined clays showed an increase in hydration of the clinker, particularly with
the sample calcined at 900 °C, leading to some stronger increase in alite consumption.
This positive effect on the clinker hydration was also reflected in the compressive
strength development. Furthermore, the amounts of reactive Al and Si according
to Surana correlate clearly with the calcined clays’ contribution to the compressive
strength of the cement.

The presented approach may offer an opportunity to use even lower quality clays
as raw material for SCM production. Beside CaO from limestone, other by-products
from the clinker production like bypass dusts are conceivable calcium sources and
are investigated within a current research project.
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Simple and Reliable Quantification
of Kaolinite in Clay Using an Oven
and a Balance

François Avet and Karen Scrivener

Abstract This study investigates the feasibility of using an oven and a balance to
determine the kaolinite content in clay. The mass of 14 clays was recorded after three
heating steps at 200 °C, 400 °C, and 600 °C. The two upper temperatures permit
to accurately consider the kaolinite dehydroxylation, whereas the step at 200 °C
considers the moisture state of the clay. The protocol of the test was optimized
with an adequate sample mass of 10 g and finer than 4 mm. The correlation with
thermogravimetric analyses (TGA) results shows a very high correlation coefficient
(R2 = 0.99). Since TGA is not available in all laboratories, this alternative method
permits to characterize the clay without any expensive equipment.

Keywords Clay characterization · Kaolinite · Oven

1 Introduction

The demand for cement and construction materials will keep increasing in the next
decades. This increase will lead to significantly higher levels of CO2 emissions if
no alternatives to conventional cement are developed. One of the most promising
approach to decrease the emissions related to concrete production is the decrease
of the clinker content in cement [1–3]. The combination of calcined kaolinitic clays
and limestone permits to decrease the clinker content to 50% in limestone calcined
clay cements (LC3) [4]. The performance of these blends is highly dependent on the
kaolinite content of clay [5, 6]. In terms of strength development, kaolinite content as
low as 40% is sufficient to reach similar strength to plain cement [7]. The kaolinite
content of clay is usually determined by thermogravimetric analysis (TGA). The
water loss corresponding to the dehydroxylation of kaolinite is monitored and its
content permits to calculate the kaolinite content of clay. The main drawback of
TGA is that the device is not available in all laboratories. X-ray diffraction (XRD)
combined with Rietveld method is also common. However, some deviations were
observed by comparing XRD–Rietveld and TGA [6]. XRD–Rietveld requires skilled
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operators for the quantification and issues are often faced due to preferred orientation,
structural defects, and sometimes poor crystallinity [8–11]. Thus, a novel way of
quantifying kaolinite would permit to provide this key information more universally.
The weight loss over calcination was proposed to estimate the quality of clay [12],
not only focusing on kaolinite nor correlating it with XRD or TGA. In this study, the
development of a relevant test to determine the kaolinite content is investigated, using
simply a balance and an oven. The critical parameters are identified and investigated
to establish a robust protocol of the test. This protocol was then applied to a wide
range of kaolinitic clays and the results were compared with the kaolinite content
obtained by TGA.

2 Materials and Methods

2.1 Clay Characterization

In this study, 14 clays from 9 countries were used. TGA was used as reference
technique for the kaolinite content determination. The kaolinite content wt%kaolinite

is obtained from themass loss during kaolinite dehydroxylationwt%kaol-OH according
toEq. 1,whereMkaolinite (258.16gmol−1) andMwater (18.02gmol−1) refer to kaolinite
and water molecular weights, respectively. The influence of moisture is considered
in wt%kaol-OH, since the mass loss is normalized by the mass of kaolinite at 200 °C.

wt%kaolinite = wt%kaol-OH × Mkaolinite

2Mwater
(1)

For TGA experiments, 50 mg of powder sample is enough for the quantification.
All samples were tested using a Mettler Toledo TGA/SDTA 851 balance. A constant
nitrogen flow of 30 ml min−1 has to be used to prevent carbonation. A heating rate of
10 °Cmin−1 is used to get an experiment time of approximately 2 h, including cooling
down. The horizontal method of TGA consists of considering the direct mass loss
difference between approx. 400 to 600 °C for kaolinite. However, the influence of
other phases dehydroxylating over the same temperature range cannot be discarded
using the horizontal method. For a better accuracy, tangent method is used.

The kaolinite content and the secondary phases present in the clay are shown in
Table 1. XRD was used for the identification of the secondary phases. The range
of kaolinite goes from 7.5 to 93.4 wt%. The chemical composition of the clays by
X-ray fluorescence is shown in Table 2.
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Table 1 Origin, kaolinite
content, and secondary
phases of the 14 clays

Clay Origin Kaolinite
content (wt.%)

Secondary
phases

1 Middle East 7.5 Quartz, Illite

2 South Asia 17.5 Quartz,
Goethite

3 Europe 28.0 Quartz,
Muscovite

4 Central
America

33.2 Quartz, Calcite

5 South America 39.1 Quartz, Gibbsite

6 West Africa 41.6 Quartz,
Microcline

7 South America 45.7 Quartz, Anatase

8 Latin America 53.1 Quartz,
Goethite

9 Southeast Asia 53.8 Muscovite,
Anatase

10 Central
America

63.3 Quartz, Anatase

11 South Asia 63.6 Quartz,
Muscovite

12 South Asia 72.0 Muscovite,
Anatase

13 South Asia 83.9 Muscovite

14 North America 93.4 Anatase

2.2 Novel Robust Method to Determine the Kaolinite Content
of Clay

For the ovenmethod, different parameters are needed to be assessed to define a robust
protocol. First, the boundary temperatures for kaolinite dehydroxylation had to be
chosen. 20 mL alumina crucibles were weighed and filled with 10 g of clay. These
crucibles were ignited at 1000 °C prior to testing. Three replicas were used for each
clay. The samples were heated upto 200 °C for 1 h, cooled down, and weighed again.
These heating and cooling down steps were repeated from 350 to 850 °C, with 50 °C
increment, and the weight of each crucible wasmeasured after cooling down for each
step.

Moreover, the influence of three parameters was investigated. For a higher sample
mass or a coarser sample, some temperature non-uniformity could occur and cause
a shift, and a broadening of the kaolinite dehydroxylation. First, the influence of
the sample mass was determined: 1, 5, 10, and 50 g were compared with 50 mg
used for TGA experiment. For the impact of sample fineness, particles from 10 up
to 16 mm were used and the kaolinite content was compared with the reference
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value obtained by TGA. Finally, moisture conditions can also influence the kaolinite
content determination in clay. Thus, the moisture was also studied, by preparing a
slurry with 1:1 clay to water ratio and comparing it with laboratory-stored clay.

3 Results

3.1 Temperature Boundaries

The mass evolution with temperature by TGA or using the oven is shown in Fig. 1
for clays 2, 4, 9, and 13. Very similar mass evolutions are obtained using these two
techniques. Thus, the oven permits to replicate the data obtained by TGA. The main
differences are observed below 200 °C, and are due to moisture difference which
comes from clay environment or storage conditions. To determine the boundary
conditions for the determination of the kaolinite content, the different reactions taking
place with the increase of temperature are separated. In addition to kaolinite, the
dehydroxylation of goethite or gibbsite occurs from approx. 200 to 350 °C. 2:1 clays
partially dehydroxylate from 550 to 650 °C. Finally, calcite decarbonation occurs
from about 650 to 750 °C. Thus, 400 °C and 600 °C are used as lower and upper
limits for considering kaolinite dehydroxylation. Lower boundaries would cause
interference with iron or aluminum hydroxide dehydroxylation. Higher boundary
would then cover 2:1 clay dehydroxylation.

Fig. 1 Mass loss monitored with temperature increase measured by TGA and oven
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Fig. 2 Influence of sample mass on the mass change with temperature (a) and the kaolinite content
(b)

The kaolinite content can thus be estimated according to Eq. 2, considering the
mass loss from 400 °C, wt400°C to 600 °C, wt600°C. The weight at 200 °C is used as
normalization factor to consider differences in moisture content of each clay. The
mass of the powder is determined as the difference of the mass of the crucible with
the sample at 200 °C, wt200°C, and the mass of the empty crucible, wti.

wt%kaolinite = wt400◦C − wt600◦C

wt200◦C − wti
× Mkaolinite

2Mwater
× 100 (2)

3.2 Influence of Sample Mass

The influence of samples mass is shown in Fig. 2a. Oven results are slightly shifted
compared with TGA due to slight moisture difference. Using 1 g, 5 g, or 10 g does
not cause any shift of the position of the kaolinite dehydroxylation. For 50 g, inertia
causes some shift of the kaolinite transition. This is shown in Fig. 2b where the
kaolinite content estimation using the oven starts deviating from the TGA reference
for 50 g of sample. Due to the shift of the dehydroxylation, part of it is not considered
in Eq. 2. Thus, 10 g is chosen to be as representative of the clay as possible.

3.3 Influence of Sample Fineness

The influence of the particle size on the mass loss curves is shown in Fig. 3. From
15 µm to an upper limit of 16 mm, extremely similar mass loss evolution with
temperature is observed. There is no clear evidence of any mass influence on the
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Fig. 3 Influence of particle size on the mass change with temperature (a) and the kaolinite content
(b)

shift of the kaolinite peak. The kaolinite content determination is shown in Fig. 3b.
Above an upper limit of 4 mm (maximum of sand size), higher deviations are
observed without significantly impacting the kaolinite content. Thus, it is recom-
mended not to overcome this size of 4 mm in order to keep a good reproducibility
of the measurement.

3.4 Protocol for the Kaolinite Content Determination

The final protocol is summarized in Fig. 4. For each clay, 3 ignited crucibles are
weighed and filled with 10 ± 0.1 g of clay. The sample does not need to be dried
before testing. The crucibles are then placed in an oven at 200 °C for 1 h. After
drying at 200 °C, the crucibles are left in the oven for cooling down to 100 °C.
Each crucible weight is then measured. The material is then heated up to 400 °C
for 1 h. After cooling down to 100 °C, each crucibles mass is measured again. The
crucibles are then heated up again to 600 °C for 1 h. Each crucible weight is measured
once more after cooling. The kaolinite content can then be estimated using Eq. 2.
Since three measurements are obtained for each clay, an average kaolinite content is
calculated, and the standard deviation indicates the error of measurement.

Thedurationof test is about 5.5 h.ATGAexperiment usually takes 2.5 h, including
cooling. The advantage of the oven test is that several samples can be run at the same
time, whereas only one sample can be tested with TGA.
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Fig. 4 Protocol used for the determination of the kaolinite content in clay using an oven

3.5 Application to Calcined Clays

The protocolwas then applied to the other clays, covering thewhole range of kaolinite
content. Figure 5 shows the correlation between the kaolinite content obtained by
TGA using tangent method and the kaolinite content obtained with the oven. A very
high correlation coefficient R2 = 0.99 is obtained. In order to better understand this
correlation, Fig. 6 shows the comparison of the determination of the kaolinite content
by TGA and using the oven. Using tangent method, the kaolinite content could be
thought to be lower than the oven method using direct mass difference from the two

Fig. 5 Correlation between
the kaolinite content
determined by TGA using
tangent method and the oven
test
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Fig. 6 Methods to determine the kaolinite content: horizontal TGA, tangential TGA, and oven with
fixed temperature boundaries

temperature boundaries. However, this is compensated by the narrower boundaries
used for the oven method. For TGA, the boundaries are defined by the inflection
points, which permit to separate kaolinite dehydroxylation from the reactions of
other phases. This explains why such excellent correlation is obtained despite the
different ways of determining the kaolinite content.

4 Conclusion

– The boundary temperatures for the oven steps are defined at 200, 400, and 600 °C.
This permits to consider themoisture content of the clay and to isolate the kaolinite
dehydroxylation.

– An optimal mass of sample of 10 g was defined. Inertia influences the results for
a higher mass of material.

– In terms of fineness, it is not necessary to grind the clay below 4 mm. Higher
deviations are observed for coarser particle sizes.

– The correlation with TGA is excellent, with a correlation coefficient of 0.99. This
shows that the oven can be used instead of TGA.

Acknowledgements The authors would like to thank the Swiss Agency for Development and
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Improving the Behaviour of Calcined
Clay as Supplementary Cementitious
Materials by a Combination
of Controlled Grinding and Particle
Selection

Franco Zunino and Karen L. Scrivener

Abstract This project explores the use of grinding aids to control the resulting
particle-size distribution of calcined clay and limestone. It was observed that after
grinding, calcined clays exhibit a strongly bimodal particle-size distribution, where
the clay minerals concentrate mainly in the finer particle population. A significant
increase in compressive strength at early age was observed in systems incorporating
alkanolamines. The effect appears to be restricted to the aluminate reaction, as the
silicate peak remains virtually unmodified. Particle classification (air separation)
techniques were applied to remove the impurities (mainly quartz and iron oxides)
and, therefore, increase the amount of kaolinite in the resulting material. An increase
in the kaolinite content from 29 to 45% bymass was achieved in one step and without
pre-dispersion of the particles.

Keywords Alkanolamines · Air separation · Kaolinite

1 Introduction

Calcined clays are a promising opportunity to lower clinker levels in cements because
of their widespread availability and their excellent reactivity in blended cements.
The combination of metakaolin and limestone in OPC-based systems produces a
synergy that enables the production of high-performance cement with a significantly
lower clinker factor. Clays are mixtures of clay minerals (such as kaolinite, illite
and montmorillonite) and other impurities, such as quartz, iron oxide and other rock
forming minerals. Due to this inherent heterogeneity of the material, the grinding
of clays results in a characteristic bimodal particle-size distribution. This charac-
teristic distribution is observed when grinding both raw and calcined clay and also
at industrial-scale grinding setups. This opens the possibility of applying particle
classification processes to increase the kaolinite content in low-grade clays.
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Grinding aids (GAs) are incorporated during comminution of clinker to reduce
electrostatic forces andminimize agglomeration of clinker and SCMgrains [1]. Such
additions are commonly used to increase cement fineness and compressive strength
for given specific energy consumption (Ec) of the grinding mill [1–3]. After the
grinding process, GAsmay not preserve their original molecule structures. However,
they do remain adsorbed onto the cement particles to entail variations of cement
properties whether in the fresh or hardened state [1]. Thus, grinding aids may have
beneficial effects on rheology and hydration of limestone calcined clay cements
(LC3).

2 Materials and Methods

The effect of grinding aids on the agglomeration of calcined clay during grindingwas
studied using unground calcined clay passing #8 sieve, and a lab-scale rotary jar mill.
The clay had a calcined kaolinite content of 62%. The grinding was performed in
controlled conditions of time and load of the mill, incorporating different dosages of
commercial grinding aids based on polycarboxylate ether (PCE), glycol or amines.
As the clay was calcined before grinding, the workability of LC3 cast using these
clays was assessed using the mini-cone slump test, while hydration kinetics was
studied using isothermal calorimetry.

To assess the potential of particle classification as a mean to increase the kaolinite
content of ground clays, a natural clay with 30% kaolinite content was selected.
Two different particle classification techniques, gravimetric precipitation and air
separation, were applied over the samematerial. The first one is a classic and accurate
method normally used by geologists on soil science, while the second one has the
biggest potential for industrial scalability. The procedure was applied to a previously
grounded and dried batch of raw clay. A Hermle Z 206 lab centrifuge was used with
50 mL tubes. The clay dispersion was composed of raw ground clay as solute and
sodium metaphosphate (0.1%) aqueous solution in water-to-solid ratio of 6. At the
end of the centrifugation, the liquid solution was placed in plastic container. The
containers were placed in a 60 °C oven to speed-up the evaporation and to allow
the retrieval of the dry samples. The gravimetric separation was performed to obtain
5 batches with their own target separation size (the limit size between particles
sedimented and in suspension): 0.8, 3, 5, 11 and 50 microns. The time required to
achieve the desired separation limit was established using the Stoke’s law adapted
for centrifugation [4].

Cement plants normally perform grinding in close circuit configuration, combin-
ing a mill with an air classifier that controls the particle size of the output. In order to
demonstrate the potential for clay concentration using this technology, a lab-scale air
separatorwas used. The speed of the classifierwas initially adjusted using a limestone
calibration curve. Afterwards, a clay curve was constructed based on experimental
results. The reactivity of the fine and rejected (coarse) fractions of clay was analysed
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by means of the R3 test [5], while their physical (particle-size distribution by laser
diffraction and specific surface area by nitrogen adsorption) and chemical (kaolinite
content by TGA) properties were also assessed.

3 Results and Discussion

3.1 Effect of the Incorporation of Grinding Aids
in the Agglomeration of Clay During Grinding

Calcined clay was ground in the conditions described above for 60 min in order
to observe the effects of grinding aids incorporation on the strong agglomeration
observed in clays without the addition of these molecules. The three commercial
grinding aids were included in the dosages recommended by the manufacturer. As
observed in Fig. 1, all of the products used showed a strong effect on reducing the clay
covering layer of the mill walls and grinding media, which impacts the efficiency of
the process. Particle-size distribution of samples collected every 15 min during the
grinding process allowed to observe that fine clay is obtained faster with the use of
grinding aids. However, the ultimate fineness is similar as this is mainly controlled
by the mill geometry and the grinding media load.

Particle-size distribution and specific surface area measurements of the samples
were collected every 15 min and compared. It was observed that the increase in the
surface area as a function of particle size is almost negligible (2% increase of surface
area, for a DV50 reduction from 50 to 10m), in contrast to what is normally observed
in cement and other SCMs. This is explained as the main source of surface area from
clays is their internal porosity, which is independent of the particle size over the
range explored in this study.

Fig. 1 Photographs of ground clay after 60min incorporating (from left to right) noGA, PCE-based
GA, Amine-based GA and Glycol-based GA
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3.2 Effect of the Incorporation of Grinding Aids
on Workability and Hydration

The effect of the grinding aids addition on the workability of LC3 is illustrated on
Fig. 2. Results are presented as slump versus addition of a commercial PCE super-
plasticizer, and compared against a reference OPC w/c 0.5 mixture. As observed,
the incorporation of some grinding aids can improve the flowability of LC3 to lev-
els approaching the behaviour of OPC. The most effective grinding aid is the PCE
based. For this reason, another batch of clay was ground with an increased dosage
of this product to see if the effects could be further increased. Thus, the addition of
PCE both in the solids or during mixing as a regular superplasticizer is effective to
increase the slump of LC3-based mixtures.

Regarding the effects of grinding aids on LC3 hydration, it was observed that
alkanolamines (TEA, TIPA and DEIPA) have a strong effect on the intensity of the
aluminate (second) peak of hydration. The effect seems to be more intense in the
system containing DEIPA, followed by TIPA and finally TEA. Previous research has
suggested that this heat increase is linked to the complexation of iron contained in cal-
cined clay, preventing the formation of a solid ferrous hydroxide phase that prevents
further dissolution of clay. In order to confirm this hypothesis, model systems with
synthetic iron-free clay (prepared by mixing quartz and pure metakaolin to match
the grade of the natural clay used) and also incorporating white OPC instead of grey
cement were tested. Each system was intended to test the effect of alkanolamines
on the aluminate peak in LC3 mixtures with iron-free clays and iron-free clays and

Fig. 2 Slump of LC3-50 paste versus PCE superplasticizer addition, comparing systems with clays
ground with different commercial grinding aids
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cement. Results show that in the iron-free clay system, the effects of TEA, TIPA and
DEIPA are comparable as the one observed in the natural (iron rich) clay LC3. On the
other hand, the complete iron-free system (synthetic clay and white OPC) showed
a very minor effect of the molecules studied. This confirms that the interaction is
indeed related to the presence of iron, but not sourced from calcined clay. In contrast,
the effect appears to be linked to the iron contained in cement, in particular, C4AF.

3.3 Particle Classification of Ground Clay to Increase
the Kaolinite Content

Themeasurements of kaolinite content on the fine fraction collected after gravimetric
separation showed that it is concentrated in the fine fraction of the particle-size
distribution, corresponding typical first bump observed between about 0.1 and 1 m.
This is linked to the different grindability of kaolinite and the impurities normally
found on clays (quartz and rock forming minerals). In this regard, clay minerals
become finer quicker generating the characteristic bimodal distribution, while the
impurities remain concentrated in the coarser fraction. Thus, particle classification
techniques based on size difference could provide a technically suitable way to
concentrate kaolinite in low-grade natural clays.

A consolidated plot containing the results of characterization of the fine fraction
obtained by air separation is shown on Fig. 3. It can be observed that, as gravimetric
separation, air separation is effecting in removing the impurities (mainly quartz) from
the raw materials and concentrating the kaolinite in the remaining one. The amount

Fig. 3 Consolidated results of particle separation trials using a lab-scale air classifier. Results
shown represent values measured over the fine fraction of material obtained
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of kaolinite was increased from 30% in the raw clay to about 45% under the most
restrictive conditions. However, the reactivity as measured by the R3 test shows an
increase on the heat release at 24 h from 70 to 130 J/g of solids. This is explained
due to the simultaneous increase of kaolinite content and specific surface area of the
final material as compared to the initial clay.

4 Conclusions

Based on the presented results, the following conclusions can be drawn:

• The incorporation of grinding aids effectively reduces the agglomeration of clays
upon grinding. This leads to a reduction of the time required to reach a finematerial
suitable for LC3 manufacture under the same grinding energy conditions.

• The incorporation of grinding aids in calcined clay can lead in some cases to
significant improvements in the flowability of fresh LC3.

• Alkanolamines have a strong impact on the aluminate reaction during LC3 hydra-
tion.This effect is linked to the interactionbetween alkanolamines and iron-bearing
phases of OPC.

• Kaolinite is concentrated in the finer portion of the particle-size distribution of
ground clays. Particle classification techniques can be used to remove part of the
(coarser) impurities in order to increase the kaolinite content of the final material.
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Calcined Clay: Process Impact
on the Reactivity and Color

Mariana Canut, Steven Miller and Morten Jolnæs

Abstract The use of calcined clay fits well with the cement industry scenario where
the goal is to produce sustainable and low CO2products. In addition, calcined clay
draws special attention due to the high availability and improvement of mechanical
strength of cement with addition of calcined clay. The trend toward clay calcination
stresses the importance to find alternative processes that focus on efficiency and
quality of the final product. Temperature, retention time and atmospheric conditions
are process parameters which must be under control during the clay calcination, and
those will be responsible for the quality and color of the final materials. FLSmidth
investigations using two different processes—(1) soak calcination by rotary kiln and
(2) flash calcination by gas suspension calciner—show that the flash calcination
process gives a uniform heating with a better control of temperature and residence
time of clay, which has an impact on the final quality of the clay product. FLSmidth
has developed and patented a process which enables to obtain grayish color clays
and to recover heat from the finished product more efficiently than traditional kiln
process design.

Keywords Sustainability · Calcined clay · Process · Quality and color

1 Introduction

Preventing catastrophic climate change, most studies agree, will mean reducing the
level of CO2 in the atmosphere. The cement industry today is responsible for about
8% of the man-made carbon dioxide, and approximately 55% of the CO2 emitted
by cement production comes from the decarbonation of limestone (CaCO3), when
clinker is produced. Substituting clinker by other materials is one of the sustainable
ways to decreases the CO2 footprint from the cement industry. Clays are particularly
interesting due to their high availability, low associated CO2 emissions and product
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quality. Clays are aluminum silicates which are in general weathering products of
feldspar and other primary minerals and are typically found in sedimentary rocks.
According to EN 197 standard, up to 35% of calcined clay can be used in the cement.
Several studies have shown that heat treatment of clay at high temperatures (500–
900 ºC) to form amorphous synthetic clay will significantly increase the pozzolanic
activity of the clays. Other requirement is the color of the clay; FLSmidth has devel-
oped and patented the process control for color of clay where grayish color can be
obtained by applying the right setting and conditions during the clay calcination and
cooling process.

In the past years, FLSmidth has been studying different types of clays and the
optimum calcination condition (temperature, retention time, gas flow) using pilot
calciner plant and has developed characterization test applied for clay characteriza-
tion and performance. From these analyses, it is possible to design the proper calciner
system for the desired raw materials and provide guarantees of not only production
but also heat consumption, energy consumption and color of the final product.

Nowadays, FLSmidth has the know-how to support and advise customers in the
area of calcined clay, and the main focus is to combine high efficiency with a high-
quality product:

• Convert locally available clay raw materials into high-quality clay products and
to optimize the local cement production at any given site to the highest possible
CO2 reduction using an efficient system for clay calcination

• Give guarantee on the energy consumption, process and quality of the final
material.

2 Can I Make Calcined Clay?

A laboratory protocol based on physical and chemical characterization tests are used
to measure the potential of clays in being used as cementitious materials. Special
techniques such as thermogravimetric analyses (TGA) and X-ray diffraction are
used to find the appropriated dehydroxylation temperature and mineralogy of clays;
these analyses will help in determining the optimum process conditions to obtain
a high-quality product. A pilot calciner plant using gas suspension calciner (flash
calcination) is used to calcine and confirm the process conditions to be implemented
on site. Quality control tests are used to show the final quality of calcined clay
according to the international cement standards (Fig. 1).

3 How is the Calcination System and Process?

A process, specifically designed for activation of clays, has been developed by
FLSmidth. The process is based on flash gas suspension calciner, and it combines
pretreatment, activation and cooling of the clay into one compact, integrated plant
as shown in the calcined clay production system illustration, Fig. 2.
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Fig. 1 Laboratory protocol from FLSmidth to ensure an optimum process to obtain a high-quality
product

The material pretreatment step breaks up the lumps and removes the moisture
(free water) from the raw clay material. The material is then activated through heat
treatment in a flash gas suspension calciner, which more efficiently controls the heat
applied to the material compared to that which can be achieved in a rotary kiln. With
moisture content up to 15%, flash calciner utilizes less than 700 kcal/kg. As a result,
by replacing 30% of the clinker with calcined clay, the overall carbon footprint of the
traditional cement producing process is reduced by approximately 25%. Moreover,
the integrated cooler recuperates heat from the material under controlled reducing
conditions, thus preventing a discoloration of the final product. The result is a highly
reactive product with a color similar to cement, allowing for high substitution rates
in cement, see Fig. 3.

Numerous raw clays from global sources have been used to produce calcined
clay in our pilot scale calciner system (flash calcination) and kiln system (soak
calcination). When testing the material quality, the product produced in the calciner
system outperforms the product from the kiln system, see Table 1. Figure 4 clearly
shows the high reactivity of clay calcined by calcination using a flash gas suspension
calciner, where up to approximately 90% of the calcium hydroxide from cement
product with 30% of clay is reacted at temperatures between 800–900 ºC, while in
soak calcination (kiln), only 60% was reacted at approximately 600 ºC
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Fig. 2 Flash calcination process developed by FLSmidth

Table 1 Rotary kiln (soak calcination) versus flash gas suspension calciner

Rotary kiln (soak calcination) Flash gas suspension calciner

Cost 100% capital cost
power cons. maintenance

~75% of kiln capital cost
power cons. maintenance

Energy 670–720 kcal/kg 620–660 kcal/kg

Power consumption ~12 kW/t ~17 kW/t

Maintenance US$3/t <US$1/t

Color Reddish color Cement color

Reactivity Low reactivity (10% less) High reactivity

Degree of clay substitution 15–25% substitution 30–40% substitution

4 Main Remarks

FLSmidth is investing in sustainable initiatives for the cement industry, and an impor-
tant one is the clay calcination system where lower energy costs and emissions
without compromising the final quality of the material. A laboratory protocol was
prepared to evaluate the feasibility of the raw clay to be used as clinker substitute. A
flash gas suspension calciner has shownmore advantages over a soak kiln calcination
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Fig. 3 (1) Raw material (2) Calcined material without Color control (3) Calcined material with
color control process (Patent from FLSmidth)

Fig. 4 Amount ofCH (calciumhydroxide) in the cement productwith 30%clay calcined at different
temperatures and using two calcination processes: soak and flash

application due to lower OPEX cost and high quality of the final material (reactivity
and color). FLSmidth has developed and patent the process for controlling the color
of clay resulting in a grayish cement color clay.



A Flexible Technology to Produce Gray
Calcined Clays

Luiz Felipe de Pinho, Luis Felipe Von Rainer Fabiani
and Natália Bernardi Ghisi Celeghini

Abstract The use of calcined clays as a substitute for clinker in the cement man-
ufacturing is of great interest among the industries of cement and concrete due to
many reasons, such as lower cost of production, lower CO2 emission rate and great
availability of clay material. However, there are different kinds of clays available,
regarding chemical and mineralogical composition. Processing clays with high iron
content results in reddish or pinkish pozzolan, and cements with reddish and pinkish
hues are misjudged as low-quality material. A color change technology to produce
gray pozzolan from high iron content clays has been developed by Dynamis and
proved in both laboratorial and industrial scales. This work presents the advance of
this technology, proving that it can be applied to different kinds of clays and also that
it can be implemented with the use of a flash dryer and a rotary kiln or considering
only the kiln that can be a refurbished equipment. The technology also enables the
production of pozzolanwithout the color change issue but also in an efficient and eco-
nomically viable way. Using a combustion technology developed for clay activation,
it is possible to control the calcination temperature and to obtain a controlled atmo-
sphere, which is the key to the color change process. Industrial-scale tests proved
that the technology is viable and versatile, regarding the types of processed clays.

Keywords Pozzolan · Clay color · Reducing atmosphere · Industrial scale ·
Calcined clay · Rotary kiln · Flash dryer

1 Introduction

Clays that possess required chemical and mineralogical composition can be calci-
nated at temperatures between 700 and 900 °C which modify its properties and favor
its application as pozzolanic material.

The utilization of calcined clays inBrazil is regulated byABNTand there are three
main cement classifications that contain pozzolan: CP II Z with 6–14% of pozzolan,
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CP IV with 15–50% of pozzolan, CP IV with 15–50% of pozzolan and CP V ARI
RS with maximum of 25% of pozzolan.

Hence, the calcined clays market in Brazil can be estimated in 5 million tons/year
in the currentmarket.Despite that, processing high iron content clays is still a problem
to this market.

Such clays, when calcined, turn into reddish and pinkish pozzolan, and this is not
well accepted because it affects the final color of produced cement. In Brazil, reddish
and pinkish cements are misjudged as low-quality material, once the consumers tend
to believe that this material is mixed with raw material, as sand or raw clay.

Therefore, Dynamis has developed a technology that enables the production of
gray pozzolan using as raw material high iron content red clays.

Clay activation occurs in temperatures between 700 and 900 °C, when crystallized
water is removed, changing the crystalline structure of the material, resulting in a
product with hydraulic activity. The calcination temperature varies according to its
mineralogical composition. In this same range of temperature, the hematite resident
in the clay, when in contact with oxygen, will become even more reddish.

The technology consists in performing the activation and color changing processes
in an atmosphere with low oxygen content concentration, without carbon monoxide
(CO) emission. Using a D-Gasifier (Dynamis patented burning equipment), the dry-
ing and calcination process can take place in a rotary kiln, flash dryer and rotary kiln
or fluidized bed kiln. The technology comprises the following steps:

• Heating and Drying: Heating the raw clays to a temperature between 100 and
350 °C to obtain a material with 0–5% moisture. This step can be done in the
initial length of a long rotary kiln, in a flash dryer or in a fluidized bed.

• Mixing: In this stage, the dried clay is mixed with a solid fuel, according to the
iron content.

• Calcination: Heating the mixture of dried raw material and fuel to a temperature
between 700 and 900 °C in a low oxygen environment. In this step, the localized
reducing atmosphere is obtained from the solid fuel that will be consuming the
oxygen from the environment to burn completely. This localized reducing atmo-
sphere will transform the hematite in magnetite (FeO·Fe2O3) that possesses a dark
greyish hue.

• Cooling: This step is important because cooling slowly the gray pozzolan in
oxygen-rich environment will transform back the magnetite in hematite, and the
material will become reddish again. Therefore, this step consists in rapidly cooling
the product until 600 °C, and after that, the cooling can be slow until 120 °C. Those
processes can take place in rotary cooler, using air and water. The water can be
used directly or indirectly, as in the external surface of the cooler.

The combustion equipment applied in those processes, D-Gasifier, has its crucial
importance to the technology owing to the following reasons:

• It allows a sub-stoichiometric combustion of the fuels (solid, liquid or gas). The D-
Gasifier is coupled in the kiln’s discharge and will generate hot gaseous fuel with
high content of CO. The amount of oxygen necessary to burn completely this CO
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will be supplied by secondary air, preheated in the rotary cooler, and the complete
combustion will take place inside the kiln, maintaining a low O2 environment.

• The D-Gasifier generates a gas flame, which is shorter than a solid fuel flame that
allows the installation of metallic lifters in the first portion of the kiln length. In
this case, former long wet process kilns can be refurbished in a one equipment
dryer/kiln.

• The kind of shorter flame generated in the D-Gasifier is more suitable to a dusty
atmosphere formed inside the pozzolan kilns.

• Temperature control in the calcination zone is possible through regulation of the
primary air rate. Working with a sub-stoichiometric combustion allows lower tem-
peratures, under 900 °C, that is an adequate temperature for clay’s calcination and
for the kiln’s operation. Once pozzolan kilns do not have coating such as clinker
kilns, maintaining a lower temperature is important.

• The D-Gasifier can also be applied to generate hot drying gases for a flash dryer.

2 Experimental Study

2.1 First Run Tests

In the first run, two types of clays were processed in the Instituto de Pesquisas
Tecnológicas (IPT), dried in stove at 105 °C and, after that, grinded in a disk mill to
0.150 mm. After that, a mix of clays containing 30% addition of coke were prepared
and homogenized in a rotary shaker and calcined in a rotary pilot-scale rotary kiln,
such as described in [1].

The same two types of clay were calcined in an industrial plant designed by
Dynamis in 2009 to produce calcined clay for Cimento Planalto (CIPLAN), in
Brazil [2, 3]. The pozzolan activation line has a countercurrent rotary kiln of Ø3.0 m
× L = 52 m. The calcined clay was cooled by a rotary cooler (that also preheats
the combustion air), and the de-dusting was done by high efficiency cyclones and
a baghouse filter. The combustion system is a D-Gasifier that burns 100% grinded
petroleum coke. The industrial trials processed 25 t/h of raw clays in a period of
more than twelve hours (Table 1).

Table 1 First run raw
materials

Composition Clay 1 Clay 2

Loss on ignition (LOI) 12.2 13.9

Silicic anhydride (SiO2) 55.0 47.5

Aluminum oxide (Al2O3) 23.2 27.6

Iron oxide (Fe2O3) 7.8 9.0
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Fig. 1 Bik Gardner’s color
guide sphere d/8 (CIELAB)

Fig. 2 Raw clay and
pozzolan produced in
industrial trial

In order to evaluate the color of the produced pozzolan, the samples are analyzed
by a colorimeter, according to Bik Gardner’s parameters. A desirable material must
have the parameter “a” under 5.0 (Figs. 1 and 2; Tables 2 and 3).

2.2 Second Run Tests

For the second run of tests, three different types of clay were mixed and calcined
both in laboratorial and industrial scales. The laboratorial trials also took place in
IPT, with the same methodology applied in the first run. Industrial scale tests were
performed in the same CIPLAN’s plant, but was done a 10 days trial, processing
5.000 t of clay. The “Clay 4” possesses a higher iron content, and the “Clay 5” is the
more reactive one. With the objective to obtain an optimized mix, considering iron
content, reactivity and cost were tested in two mixes. The Mix 1 contains 90% of
Clay 3 and 10% of Clay 5, and Mix 2 contains 85% of Clay 3 and 15% of Clay 4.
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Table 3 First run results—strengths—pozzolanic activity index (PAI)

Time Compression resistance (MPa)—100%
cement CP V

Compression resistance (MPa)—cement
CP V with 30% of pozzolan

3 days 43.7 37.8

7 days 50.8 49.5

28 days 59.7 59.6

Pozzolanic activity index (PAI): 105%

3 Industrial Plant

Both the industrial tests were performed in a plant consisted of a rotary kiln with
two stages; the first portion of the length is the drying section, with metallic lifters,
and the final portion of the length is the calcining section, with refractory bricks.
The cooler is a rotary cylinder that also preheats the secondary air. The cooling is
supplemented with water in the cooler shell.

However, the same color changing technology is now being applied in a plant
using a flash dryer–rotary kiln system. In this case, a D-Gasifier is used to provide
hot drying gases to a flash dryer. The dried clays are mixed with coal and fed in the
kiln, which now is only used for the calcining step, and possesses refractory lining
along all its length. In the discharge of the kiln, there is another D-Gasifier, working
with a sub-stoichiometric flow of primary air, in order to supply necessary heat for
calcining and maintaining a low O2 atmosphere (around 3%).

The cooler is also a rotary cylinder working with secondary air and a water flow
outside the shell (Fig. 3).

Industrial production was also made in the flash dryer–rotary kiln installation,
processing the Clay 3 indicated in Table 4. Very satisfactory results were obtained,
resulting in gray pozzolan with loss on ignition below 3%. Figure 6 shows an Erlen-
meyer containing a solution with laboratory-scale calcined clay (color changing

Fig. 3 Industrial plant with flash dryer
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Table 4 Second run raw materials

Composition Clay 3 Clay 4 Clay 5 Mix 1 Mix 2

Loss on ignition (LOI) 7.55 10.4 11.5 7.73 8.55

Silicic anhydride (SiO2) 62.8 50.9 64.2 72.0 60.0

Aluminum oxide (Al2O3) 15.9 19.9 22.1 13.8 20.6

Iron oxide (Fe2O3) 8.3 17.4 3.8 5.17 9.12

Fig. 4 Industrial plant with flash dryer–rotary kiln system

technology not applied) that becomes completely red and a flask containing a solu-
tion with the industrial calcined clay that becomes gray due to the color changing
technology (Figs. 4 and 5; Tables 5 and 6).

4 Conclusion

The color change technology has been tested in more than one industrial and lab-
oratorial trials and proves to be a viable solution for the application of reddish and
pinkish clays in the production of pozzolan. The method is versatile and can be
applied in long rotary kilns, such ones that can be refurbished from wet process, new
kilns that combine drying and calcining and also considering flash dryer. Drying the
raw material with a flash is interesting because it provides smaller footprints consid-
ering the same size of a project. Besides, the flash dryer, once is an static equipment,
can offer a more economic solution, with low maintenance, when compared with a
rotary kiln.
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Fig. 5 Comparison between
laboratory-scale calcined
clay and industrial calcined
clay

Fig. 6 Grinded pozzolan
obtained in industrial trials
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Table 6 Second run
industrial results—pozzolanic
activity index with lime

Composition Mix 1 Mix 2

Loss on ignition (LOI) 7.73 8.55

Strength at 7 days with lime 8.2 MPa 10.3 MPa

Minimum strength allowed 6.5 MPa
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Research and Design of Suspension
Calcining Technology and Equipment
for Kaolin

Shengliang Tang, Jianjun Wu, Huating Song, Bin Wang and Tongbo Sui

Abstract Anew large-scale suspension calcination process and key equipment suit-
able for dehydration and calcination of kaolin clay are introduced. The pretreatment
process can be designed to meet various raw materials with different moisture con-
tents, and the burning system has high heat transfer efficiency with a five-stage
cyclone preheater, a suspension calciner and a fluidization cooling system.Moreover,
the thermal process of materials in the production line can be accurately controlled
as required necessarily; especially, the temperature of calciner can be controlled at
a fluctuation of less than ±10 °C. Pilot production results show that suspension cal-
cined clay has good activity and workability as a kind of supplementary cementing
materials, indicating that suspension calcination technology has a good application
prospect in the field of producing calcined clay for cement.

Keywords Suspension calcining technology · Process design · Calcined clay ·
Performance

1 Introduction

There are different traditional calcination processes of kaolin, e.g., fixed bed process
(such as tunnel kiln, down flame kiln, shuttle kiln, push plate kiln and heat preser-
vation cylinder), moved bed process (such as shaft kiln, rotary kiln and multilayer
open hearth furnace) [1–4]. But, there are more or less intractable disadvantages
in these modes. Due to the advantages of preferable gas–solid contact effect, high
thermal efficiency and being suitable for mass production, suspension calcination
technology has been successfully applied in the fields of cement, alumina, magneti-
zation roasting, lime and so on [5, 6]. Based on the comprehensive investigation and
analysis of the application status and the existing problems of suspension calcina-
tion technology in these industries, we creatively developed a suspension calcining
process and complete set of equipment which can be applied to kaolin calcining. The
successful application of this technology is also attributed to our rich experience in
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engineering design of preheating and pre-decomposition suspension state calcination
system. The production line with an output of 300 t/d magnesium oxide (MgO) has
been established in Jiangsu province, which is also a demonstration line of 600 t/d
for kaolin calcination. This paper will briefly introduce the development process and
equipment matching and trial production of suspension CC (calcined clay).

2 Technological Design

On the basis of the experimental research and theoretical analysis, the processing
parameters are calculated and subsequently applied to the technological design.
Some proprietary technical equipments are also developed to meet the technical
requirements.

2.1 Raw Material Pretreatment

The vertical roller mill (VRM) is used for the raw material grinding. The kaolin
with water content less than 14% is fed into the mill by a bucket elevator. The
material is grinded, dried and subsequently separated by the classifier in the VRM.
The technological process is shown in Fig. 1. Dynamic separator is used; the fineness
of raw meal can be controlled by regulating the speed of separator. Powder that meet
the requirements (90 µm mesh residue ≤12%, the product moisture ≤1%) from the
mill enters the bag filter along with the airflow. The collected powder is discharged

Fig. 1 Process of raw material pretreatment



Research and Design of Suspension Calcining Technology … 181

to the chain conveyed and bucket elevator and then sent to the raw meal storage.
The heat source for drying the raw mill is the hot exhaust gas which comes from
the preheater. The air out of the mill is induced by the fan. Part of the exhaust gas
through the fan returns to the raw mill as recycle air, and the other is discharged into
chimney. When the raw material with water content is more than 20% or no need
for grinding, another production process will be adopted (due to limited space, this
article only introduces some of the main overviews of the technology).

2.2 Suspension Burning and Cooling System

The suspension burning and cooling systemmay be divided into five parts, including
raw meal feeding, preheating and calcining of raw meal, metakaolin cooling, waste
gas treatment and product conveyance (Fig. 2). The preheating, calcining and cooling
processes of material are completed in suspension state. This ensures good mass
transfer and heat transfer efficiency.

The raw meal unloaded from the storage is measured and then is successively
transported through the air slide, bucket elevators and the preheater top chute. Finally,
the raw meal is fed into the preheater. The preheating system uses four-stage pre-
heaters and an on-line calciner which includes cyclones, connecting pipes, feeding
pipes, calciner, etc. The top cyclone is class 1, namely C1, and the bottom cyclone
is class 4, namely C4. The specifications of preheater C1, C2, C3 and C4 are Ø2700,
Ø3000, Ø3000 and Ø3350 mm, respectively. The raw meal powder sent into the C2

cyclone gas outlet pipe is immediately dispersed and suspended in gas flow by the
agency of the gas flow. And with the gas flow, raw meal enters the C1, in which gas–
solid separation is finished. Then, the separated solid powder enters into C3 cyclone
gas outlet pipe through a heavy flap damper after the separation material out off gas,
and with gas flow, enters into C2, C3 and C4 cyclone successively.

Thus, after four-stage heat exchange, the preheated rawmeal powder is fed into the
calciner. Four burners are arranged for the calciner. The temperature in calciner can be
controlled about 700–950 °C. This heating causes the dehydroxylation of kaolin and
leads to the production of metakaolin. By controlling the retention time of the kaolin
in the calciner, the reaction is fully completed. This process takes only a few seconds.
The product follows the airflow into the C5 cyclone, and after separation, it will be
fed into the fluidized bed cooling system which includes three cyclones and two
fluidized bed coolers. The use of fluidized bed cooler guarantees the cooling effect
and the safety of the system. The product is eventually cooled to less than 120 °C,
and then conveyed to silo. And, the waste gas will rise along with various cyclones
and gas outlet pipes and finally is discharged by one gas duct and induced by high
temperature induce draft fan to a vertical roller mill and waste gas treating system.
Exhaust gas of C8 also goes to the waste gas treatment system of burning system.
The demonstration line for suspension calcination has been constructed (Fig. 3).
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Fig. 2 Process of the suspension burning and cooling system

2.3 Waste Gas Treating System

The waste gas treatment system uses large bag filter (as shown in Fig. 4). The dust
concentration of the purified gas is less than 20 mg/Nm3. The gas is discharged into
atmosphere by induced fan and stack. The dust collected by bag filter is discharged
into chain conveyer and then enters into the raw meal storage by the elevator.
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Fig. 3 Demonstration production line of suspension calcining and cooling system
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Fig. 4 Process of exhaust gas treating system

3 Pilot Production

3.1 Raw Material Analysis

The raw materials used in the project are collected from Beihai. Chemical composi-
tion (Table 1) was determined with X-ray fluorescence spectrometer. XRD analysis
was performed on X’pert Powder equipment, and the results are shown in Fig. 5. The
contents of kaolin and other minerals were estimated. The result (Table 2) shows that
the raw material has a low kaolin content of 50.7%. Quartz and muscovite are the
main impurities.

The dehydroxylation test was conducted by using SDT Q600 which simultane-
ously measured the heat flow changes (by DSC) and weight changes (by TGA)
associated with transitions in a material as a function of temperature (heating rate:
20 K/min) and time in a well-controlled atmosphere. Figure 6 shows that the initial
dehydroxylation temperature of kaolin is about 400 °C, and the fast dehydroxylation
of kaolinite occurs in the temperature range of 500–550 °C.

Table 1 Chemical composition (dry basis) of the Beihai kaolin

Chemical SiO2 Al2O3 Fe2O3 TiO2 K2O MgO CaO P2O5 LOI Total

Content
(wt%)

52.42 31.53 1.32 0.19 3.62 0.33 0.19 0.06 9.36 99.02

LOI: loss on ignition (measured by thermogravimetry)
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Fig. 5 X-ray diffraction patterns of the kaolin

Table 2 Mineral composition of the Beihai kaolin

Mineral Kaolin Quartz Muscovite Total

Content (wt%) 50.7 15.2 34.1 100

Fig. 6 Thermogravimetric analysis curves of kaolinite
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Table 3 Analysis and elemental analysis of coal

Items Coal analysis Qnet/(kJ/kg) Elemental analysis

Mad Aad V ad FCad Cdaf Hdaf Odaf Ndaf Sdaf

Values 2.27 13.60 30.78 53.35 23,023 62.00 4.20 16.00 3.00 0.49

3.2 Fuel Analysis

According to the requirements of product quality, different fuels can be used. In this
project, the coal with low ash is selected and used. Coal analysis and elemental anal-
ysis of coal fuel were determined by using chemical analysis based on stoichiometry
(Table 3).

3.3 Suspension Calcined Clay Analysis

3.3.1 Reactivity of Calcined Clay

Beihai kaolin was thermally treated in the demonstration line to produce calcined
clay. Different outlet temperatures of calciner were controlled to analyze the rela-
tionship with temperature, loss on ignition and pozzolanic activity of calcined clay.
The calcining temperature and physical performance of cement mixtures with 30%
calcined clay used as SCM according to the standards of EN 196-1 can be seen in
Fig. 7. It shows that the best burning temperature as can be seen is around 740 °C,
and calciner temperature can be controlled accurately, and the range of temperature
fluctuation is very small.

Fig. 7 Mortar strength, reactivity index and L.O.I of calcined clay at different temperatures
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Fig. 8 Mortar flow of calcined clay at different temperatures

3.3.2 Workability of Suspension Calcined Clay Cement Mortar

The comparison of mortar flow (0.50 w/c) of reference cement, blended cement
mixtures with 30% calcined clay at different temperatures and blended cement with
rotary kiln calcined clay (same raw kaolin fromBeihai) can be seen in Fig. 8. It shows
that the blended cement with 740–780 °C suspension CC performs good workability
with around 190 mm flow which is much higher than rotary kiln CC.

3.3.3 Micromorphology of Suspension Calcined Clay

Scanning electron microscopy (SEM) was used to observe the micromorphology of
calcined clay powders and to analyze the influence on physical properties. As can be
seen in Fig. 9, suspension calcining technology produced a number of spherical and
smooth surface metakaolin unlike the layered original kaolinite structure of rotary
kiln CC that has a significant positive effect on reducing the high water demand of
calcined clay blended cement.

4 Technical and Economical Indexes

The theoretically designed heat consumption of the burning system was 580 kcal/kg
at a design production capacity of 600 tons per day. The total power consumption
is 60 kwh/t. The exhaust gas temperature of the C1 outlet can be controlled at 250
± 40 °C. The pressure drop of system is only about 7000 Pa. The project covers an
area of 40,000 m2, and the total investment is about 60 million.
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(a) Suspension Calcined Clay (b) Rotary KilnCalcined clay

Fig. 9 Micromorphology of calcined clay

5 Conclusions

The first demonstration production line with suspension calcining technology has
been completed inChina. The design, construction process and the first trial calcining
kaolin clay production results show:

(1) The suspension calcining technology can meet the processing requirements of
raw materials with different moisture contents.

(2) The production process of rapid decomposition reaction with suspension cal-
ciner, preheating and fluidization cooling has the characteristics of fast heat
transfer and high heat exchange rate. The heat consumption is below 580 kcal/kg
at a design 600 tpd production capacity.

(3) The calciner temperature can be easy to adjust and control, and the range of
temperature fluctuation is less than ±10 °C.

(4) The suspension calcined clay has good pozzolanic activity and less water
demand due to its spherical metakaolin particles than rotary kiln calcined clay.
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Elements for the Design of Experimental
Plant for LC3 Cement Production

L. I. Machado, M. I. Herrera and F. Martirena

Abstract Associated with cement manufacturing processes, large amounts of car-
bon dioxide (CO2) are released into the atmosphere, and it is estimated that between
0.65 and 0.90 tons of CO2 are emitted per ton of cement manufactured. By 2050,
the demand for this binder is expected to exceed 5000 million tons, which would
contribute to an increase of more than 3% of emissions. However, the emissions can
be reduced by using supplementary cementitious materials (SCMs); in this sense,
calcined clays have a great potential for the reduction of emissions in themanufacture
of cement. This has been studied in recent years with low carbon cement or LC3,
developed by a joint team of the University of Lausanne and the Central University
of Las Villas. The main results are the expansion of production by achieving clinker
substitutions of up to 50%. In this sense, the Center for Research andDevelopment of
Technologies andMaterials (CIDEM) in conjunction with the company IPIACNERY
has committed to the development of a small pilot plant that makes the manufacture
of limited quantities of LC3, which allows the study of the process by interacting
different sources of rawmaterials. In this paper, some calculations were for designing
a pilot plant, taking into account the balance of mass and energy necessary for its
proper functioning, which in turn allows to specify the technology for the scaling of
the production in any new industrial plant or adaptation of capacities installed.

Keywords Mass · Energy · Low carbon cement · Clay

1 Introduction

A new technology based on the replacement of clinker by high volumes of supple-
mentary cementitious material, in this case thermally activated clay (TAC, in Spanish
AAT), has been investigated in recent years by researchers of the international team
“Low Carbon Cement.” The new proposal is officially recognized by the scientific
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community as LC3, whose results and advances are documented in scientific jour-
nals, being in this sense very important the expansion of production to achieve clinker
substitutions of up to 50% [1].

The LC3 is an appropriate option because it considerably reduces CO2 emissions
into the atmosphere by reducing energy consumption, which is economically advan-
tageous [2]. Recently, through the management of IPIAC-NERY the demand for
LC3 commercial production plants has skyrocketed. However, perform the essential
industrial tests, although necessary to perform tests in real conditions can be very
expensive.

In this sense, this work exposes some elements of the design of a small pilot
plant where tests can be carried out in industrial conditions, with the advantage of
obtaining reduced yields; however, these small plants replicated in a conscious way
can be equivalent to the investment in a large cement plant. The first IPIAC–CIDEM
plant will be put into operation in facilities of the Central University of Las Villas;
its location is shown in Fig. 1.

The balance of mass and energy that is established in the calciner by achieving
the thermal modification of the clay is also analyzed. At temperatures between 100
and 400 °C approximately, clay minerals give up their free water (not combined)
and adsorbed water, including interlaminar water, at higher temperatures, between
400 and 750 °C, and depending on the types of clay minerals present in the raw
material, water combined chemically in the form of hydroxyl groups is released
(dehydroxylation).

In the case of kaolinite, the process of mass loss of the material during thermal
activation is defined as a function of the activation temperature by the following
expressions [3].

Al4
[
(OH)8Si4O10

] → 2(Al2O3 · 2SiO2) + 4 H2O (1)

Al2O3.2SiO2(OH)4 → Al2O3 + 2 SiO2 + 2 H2O (2)

In the dehydration, clays influence factors such as the type of clay minerals, the
nature and quantity of impurities, the size of the particles, the degree of crystallization
of the clays, the gaseous atmosphere, and others.

The pilot plant IPIAC–CIDEM for the design of experimental tests is conceived to
obtain a production flow of TAC of 100 kg/h by dry process, in this work to facilitate
the design tasks in terms of mass and energy balances. Data are obtained from
the bibliography consulted or from estimates made. The theoretical–methodological
approach is exposed to perform themass and energy balance, within the control limits
determined for the kiln system. Figure 2 shows the flow of the process established
in the pilot plant for the production of LC3.
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Fig. 1 Location of the pilot plant IPIAC–CIDEM, Central University of Las Villas, Faculty of
Constructions, Villa Clara, Cuba

2 Analysis and Results

An optimal design of the rotary kiln can considerably reduce the assembly cost of
the plant from the initial assumption of the desired production levels. Table 1 shows
a summary with the projection in time of the expected production level.

2.1 The Rotary Kiln—Sizing

The rotary kiln consists of a cylindrical tube resting on rolling stations, which has a
certain slope with respect to the horizontal and which rotates at speeds of rotation
between 1.8 and 3.5 revolutions per minute (rpm).
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Fig. 2 Flow of the process established in the pilot plant for the production of LC3. Source Esparza
(2020)

Table 1 Estimated TAC production when carrying out the design calculations of the pilot plant
IPIAC–CIDEM

Productivity calcination—TAC CaCO3 LC2 P35 LC3

100 Kg/hours 67 167 167 333

800 Kg/8 h 533 1333 1333 2666.7

2400 Kg/24 h 1600 4000 4000 8000

72,000 Kg/month 48,000 120,000 120,000 240,000

720,000 Kg/year 480,000 1,200,000 1,200,000 2,400,000

720 Tons per year 480 1200 1200 2400

The slope is determined for which there is no rigid rule, its value ranges between
2 and 6%, and most furnaces are installed with slopes between 2 and 4% in relation
to the horizontal. As a result of the experience of operating rotary kilns, the optimum
ratio between slope and filling coefficient (φ) has been obtained [4].

For the present design, a slope of 2° is established with a coefficient φ of 11%. In
addition, the revolutions per minute (rpm) of the rotary kiln will be in the order of
2.5 rpm and a flow rate of 0.045 m3 of clay/hours.

The calculation of different furnace design parameters is based on the law of
transport of material inside an inclined rotary tube given by the US Bureau of Mines,
which is expressed by Eq. 1:

Q = 1, 48 ∗ n ∗ Di3 ∗ � ∗ ρa ∗ tag(β) (3)
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where Q is the transport capacity per hour (kg/h), n is the speed of rotation (rpm),
Di is the inner diameter (m), φ is the filling degree, ρa is the density of the material,
and β is the movement of the resulting material (°).

Transformed (1)—it is possible to obtain an expression for the determination of
the inner diameter of the calciner rotary kiln according to 2 [5]:

D =
√

ws · 4 · t
L · gr · π · ρ

(4)

where ws is the solid flow (kg/min), L is the length of the kiln (m), gr is the furnace
filling degree (%), p is the kiln slope (in %), and t is the total time of residence of
the material inside the kiln (min).

The residence time of the clay material that has to be dehydroxylated is possible
to obtain from Eq. 3, however, there are many other expressions for the calculation
of the residence time [4]. The residence time will determine the flow of material
inside the kiln, so this is one of the basic parameters for the design. When setting
this variable, others can be calculated for the sizing of the kiln.

t = 10.62 ∗ L

p ∗ d ∗ n
(5)

where t is the time of permanence (minutes), L is the length of the rotary kiln (m), d
is the inner diameter (m), n is the rotation speed (rpm), and p is the inclination slope
of the kiln.

The residence time is inversely proportional to the rotation speed and diameter
of the kiln, being directly proportional to the length of the oven. The length and
diameter of the furnaces are related by empirical laws such as L/D = 10−13, for
long furnaces with different types of support; however, prototypes with relation (4–
12) can be found [6], in this work, we have opted for a relationship in the environment
of 5. Table 2 shows the values of the coefficients and factors assumed, as well as the
final dimensions adopted.

Table 2 Main working parameters and dimensions of the rotary kiln IPIAC–CIDEM for obtaining
thermally activated clay

Di L t Q n φ p β

0.42 3.745 11 100 2.5 11 2 2.751
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Fig. 3 Calcination of clays
in a pilot plant. Analysis and
borders. Source Self-made

Clay Gases

TAC

cooler

Rotatory
Kilnt

Fuels

Air

2.2 Thermal Design

The analysis of the flow processes begins with the choice of the spatial region called
“control volume.” In the diagram represented in Fig. 3, the border or edge of the
analysis performed in this work is shown.

If the estimated flow of material to be treated is taken into account and that the
natural humidity of the clay is 6%, then the following can be considered

M initial + E = M final + losses (6)

The thermal balance is defined from the mass balance that occurs in the process,
taking into account the elimination of free water and adsorbed water (up to 400 °C),
and in the decomposition or loss of the OH-of the clay ( up to≈850 °C), given by the
equations described above (see 1 and 2). The loss of mass due to the natural humidity
of the clay is approximately 6–7%, and also the loss of mass due to decomposition
or dehydroxylation of clay is 14%.

According to the thermal balance of the rotary kiln (see Fig. 4, the heat that comes
from the burning of the fuel is equal to the heat consumed in the clay transforma-
tion process plus the losses through different routes. Thermal balance is essentially
conducted based on energy and mass conservation laws.

Ein = Eout (7)

Ein = Q1 = Eout = Q2 + Q3 + Q4 (8)
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Fig. 4 Energy balance.
Source Self-made

where Q1 is the heat delivered to the kiln; Q2 the heat needed for the clay transfor-
mation process; Q3 the heat losses with the hot gases through the chimney; and Q4

the radiation heat losses.

Q1 = mF ∗ LHV/ηcomb (9)

where mF is the fuel mass in kg/h; LHV the low heating value (MJ/kg); and ηcomb

the combustion efficiency adopted for this case 90%.

Q2 = Kcap ∗ Qe (10)

where Kcap is the kiln capacity in kg/h and in this case kiln capacity is 100 kg/h; Qe

is the specific energy needed for clay transformation in the sinterization process, and
in this case is adopted the value of 0.81 MJ/kg reported by Mayorga and Rodriguez
[7] and Machado et al. [8].

Q3 = 0.001 ∗ mg ∗ Cp ∗ �t (11)

where mg is the exit gas mass in kg/h;
−
Cp is the average specific heat of the exit

gases in the given window temperature in kJ/kgK; �t is the difference of the exit gas
temperature (tout) and the environment temperature (tenv).

Q4 = 0.11 ∗ Q1 (12)

Taking the criteria that the maximum acceptable value of radiation losses is 11%
[9, 10]

mg = mF ∗ me (13)

where me is the specific mass of gases per kilogram of fuel burned in kg/kgF; this
is calculated by combustion energy and mass balance based on fuel properties and
combustion condition.
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Table 3 Calculation result
and data

Results and data Value

mF (kg/h) [lts/h] (3.16) [3.76]

Kcap (kg/h) 100

Tgout (°C) 600

T env (°C) 29

Qe (MJ/kg) 1

LHV (MJ/kg) 42.8

ηcomb 0.9

Radiation losses 0.11

me (kg/kgF) 17

−
Cp (kJ/kgK) 1.10

Combining Eqs. 7–13 can calculate the fuel mass needed for the kiln and complete
the energy balance.

mF = Kcap*Qe

LHV*ηcomb − 0.105*LHV*ηcomb − 0.001*me∗Cp ∗ �t
(14)

The results given by Eq. 14 and the value of the variable for the resolution are
summarized in Table 3. Calculating the fuel mass consumption can complete the
thermal balance, as shown in Fig. 5.

Q2 expressed in % represents the kiln efficiency with a value of 66% for the
analyzed rotatory kiln. The heat losses with the exit gases are considerable; this
is the biggest loss representing 23% of the heat input; some way to use this heat,
for example in a clay dryer, could lead to important benefits in fuel saving and
overall efficiency. The fuel consumption for an 8 h working day is 8 * 3.76 lts/h =

Fig. 5 Thermal balance
results (MJ/h). Q1 =
150.4 MJ/h
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30.1 lts/day equivalent to 25.3 kg/day; on this base can be estimated an emotion of
25.3 kgfuel/day * 3.1 KgCO2/kgfuel = 78.2 kg/day of CO2.

However, other previous calculations made for this equipment report a signif-
icantly higher fuel consumption (IPIAC Technical Department), which must be
verified exhaustively during the start-up and operation of the plant.

3 Conclusions

The design of a rotary kiln for the treatment and thermal modification of clays is
advantageous since this technology allows continuous production, by obtaining the
optimal sizing according to the desired productivity and characteristics of thematerial
to be obtained; the best behavior of parameters such as fuel consumption and heat
losses can be used and extrapolated, for the design and construction of facilities with
diverse production capacities.

The simulation of the rotary kiln allows to obtain different dwell times, by varying
parameters such as its inclination and its speed of rotation; these parameters can be
correlated with the degree of pozzolanic reactivity of the thermally activated clay.
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Effectiveness of Amphoteric PCE
Superplasticizers in Calcined Clay
Blended Cements

Marlene Schmid, Ricarda Sposito, Karl-Christian Thienel and Johann Plank

Abstract This study highlights the suitability of amphoteric (zwitterionic)
polycarboxylate-based superplasticizers for a naturally occurring mixed-layer clay
used as pozzolanic cement substitute after calcination. After a successful synthesis,
dispersing performance tests reveal that amphoteric superplasticizers are a promising
type of superplasticizer to address both calcined clays and cement. Tailor-made ter-
polymers can be applied to vary the initial slump by integration of different ratios of
cationic monomer. Furthermore, heat flow calorimetry tests with amphoteric super-
plasticizers point out a less pronounced retardation in cement hydration compared to
a standard anionic polymer. Zwitterionic superplasticizers are seen as potential alter-
natives for common anionic superplasticizers, especially for the advancing replace-
ment of cement clinker with calcined clays of various mineralogical composition.
Calcined mixed-layer clays are particularly promising as supplementary cementi-
tious materials (SCMs) as they can be fluidized at low dosages of superplasticizers
comparable to cement.

Keywords Amphoteric polymers · Cement hydration · Dispersing performance ·
Polycarboxylate ether ·Workability

1 Introduction

Optimizing the ecological and energetic properties of concrete asks for the use of
pozzolanic cement constituents instead of ordinary Portland cement clinker [1]. The
only type of SCM which is available in sufficiently high amounts nearly all over
the world is calcined clay. These thermally activated clays are ascribed to have an
appreciable potential to contribute to the reduction of cement-derived carbon dioxide
emissions as well as of thermal energy required during processing [2–4].
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However, cements substituted with calcined clays suffer from a very high water
demand and consequently evoke a limited workability of mortars and concretes
[5]. To overcome this disadvantage and to avoid a loss on mechanical proper-
ties and durability when increasing the water-to-binder (w/b) ratio, the addition of
superplasticizers is essential [6].

While in the literature [7, 8], many studies do not consider the interaction with
water-reducing admixtures in the assessment of low-grade calcined clays, the present
study reports on a calcined naturally available mixed-layer clay as SCM and its
accessibility for amphoteric superplasticizers.

Our previous investigations [9] pointed out that the present clay can be dispersed
well with anionic polycarboxylate ethers (PCEs) and cationic polymers. Moreover,
zeta potential measurements suggested that this clay exhibits particles with positive
and negative surface charges [10].

Hence, amphoteric (zwitterionic) PCE superplasticizers exhibiting different ratios
of anionic/cationic monomer were synthesized, characterized via gel permeation
chromatography (GPC) and tested in cement blended with this calcined clay on
dispersing effectiveness and influence on cement hydration.

2 Materials and Methods

2.1 Materials

Calcined Clay As a clay sample, a naturally occurring mixed-layer clay was inves-
tigated. The raw material originates from a Lias delta layer in Bavaria (Germany). It
is composed of approximately 25 wt% kaolinite and 45 wt% 2:1 clay minerals (espe-
cially mica, illite and chlorite). Quartz and feldspar (around 30 wt%) are included as
inert components. Calcination at 750 °C in a three-part rotary kiln for around 30 min
results in amaterial with 61wt% amorphous content. Themineralogical composition
of the calcined material is summarized in Table 1. The calcined clay (CC) exhibits a
specific surface (BET surface) area of 3.9 m2/g and a particle density of 2.63 g/cm3.

Cement An ordinary Portland cement (OPC) CEM I 42.5 R from Schwenk Zement
K.G. (Allmendingen, Germany) is used for the production of cements blended
with the calcined clay. The Blaine value is 2.918 cm2/g, and the particle density
is 3.16 g/cm3. Its mineralogical analysis is shown in Table 2.

Characteristic particle size parameters, i.e., d10, d50 and d90 values of the CC and
the OPC sample are given in Table 3.

The particle size distribution of the OPC and the calcined mixed-layer clay was
measured via laser granulometry and is presented in Figs. 1 and 2.

CC exhibits a unimodal distribution. For the OPC, the volume of finer particles is
larger than that of CC, but it also includes coarse particles (higher d90 value compared
to CC).
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Table 1 Mineralogical
composition of the calcined
mixed-layer clay sample

Phase [wt%]

Quartz 16.2

Muscovite 2.2

Calcite 0.6

Illite 4.6

Chlorite 0.4

Feldspar 6.0

Secondary silicates 6.3

Hematite 0.6

Ores 1.1

Sulfates 1.6

X-ray amorphous 60.8

Total 100.4

Table 2 Phase composition
of the CEM I 42.5 R sample

Mineral phase [wt%]

C3S, m 52.4

C2S, m 19.9

C3A, c 3.3

C3A, o 3.2

C4AF 11.8

CaO 0.7

MgO 0.7

Anhydrite 1.4

Hemihydratea 1.9

Dihydratea 1.3

Calcite 1.6

Quartz 0.4

Dolomite 1.4

Total 100.0

aDetermined by thermogravimetry

Table 3 d10, d50 and d90
values of the OPC and the CC

Sample [µm]

d10 d50 d90

CC 4.0 13.2 37.0

OPC 1.5 18.5 48.7
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Fig. 1 Cumulative particle
size distribution of the
calcined clay and OPC
samples (d10, d50 and d90
values are marked with a
cross)
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Superplasticizers As amphoteric (zwitterionic) superplasticizers, four terpoly-
mers were prepared via aqueous free radical copolymerization of the monomers
methacrylic acid (MAA), MPEG-methacrylate macromonomer (ω-methoxy
polyethylene glycol methacrylate ester with a chain length (nEO) of 45) and 3-
trimethylammonium propyl methacrylamide chloride (MAPTAC). The polymer-
ization was initiated with ammonium peroxydisulfate and controlled with 3-
mercaptopropionic acid as chain transfer agent. After neutralization with sodium
hydroxide solution, the polymers were obtained as yellowish and slightly viscous
polymer solutions with a solid content of ~25%.

For comparison, a standard anionic PCE (MAA-45MPEG (6:1)) was investigated.
The chemical structures of the polymers are shown in Fig. 3.

All terpolymers were characterized by gel permeation chromatography. The
molecular weights (Mw and Mn) and polydispersity indexes (PDIs) of the polymers
obtained from these measurements are summarized in Table 4.
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Fig. 3 Chemical structures of the synthesized amphoteric PCE samples and the anionic reference
polycarboxylate ether

Table 4 Molecular properties and macromonomer conversion of the synthesized polymers

Polymer sample Mw [g/mol] Mn [g/mol] PDI Conversion [%]

MAA-45MPEG-MAPTAC (6:1:6) 15,000 9700 1.5 76.9

MAA-45MPEG-MAPTAC (6:1:3) 18,000 9600 1.9 84.7

MAA-45MPEG-MAPTAC (6:1:1) 22,000 11,000 2.0 89.1

MAA-45MPEG-MAPTAC (6:1:0.5) 21,000 9400 2.2 86.0

MAA-45MPEG (6:1) 14,900 7400 2.0 91.9

2.2 Methods

Dispersing Performance of Synthesized Polymers Dispersing effectiveness of the
synthesized superplasticizer samples in CC, neat OPC and OPC blended with CC
suspensions was assessed via a modified (adapted from DIN EN 1015-3 [11]) mini-
slump test using a Vicat cone (bottom diameter: 8.0 cm, top diameter: 7.0 cm, height:
4.0 cm). The substitution rate for the cement was set at 20 wt%.

In this test, the conewas filledwith the paste and the spread diameter was recorded
after removing the cone. The average value of two spread diameters perpendicular
to each other was reported as the test result. The w/b ratios of the pastes without
polymer were set to give a spread flow of 18 ± 0.5 cm and were 0.77, 0.48 and 0.55
for pure CC, neat cement and blended cement paste, respectively. At those w/b ratios,
the dosages of the superplasticizers required to reach a spread flow of 26 ± 0.5 cm
were determined.

Isothermal Heat FlowCalorimetry Hydration kinetics weremonitored by isother-
mal heat flow calorimetry (TAMAIR, Thermometric, Järfälla, Sweden) at 20 °C. All
pastes of the blended cement (OPC:CC80:20)were prepared from4.0 g of binder and
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2.2 g of distilled water (w/b= 0.55). The dosages of the superplasticizers were those
which were required to achieve a spread flow of 26± 0.5 cm in the mini-slump tests
in order to ensure comparable rheological properties and avoid segregation of the
paste during the hydration process. The heat released during hydration was reported
over a period of 48 h.

3 Results and Discussion

3.1 Dispersing Effectiveness of Amphoteric Superplasticizers

Generally, in the calcined clay suspension always the highest dosages of the novel
superplasticizers were required to achieve a spread flow of 26 ± 0.5 cm when com-
pared with neat cement or the OPC/CC blend. In light of this, it was quite surprising
that in the blended cement lower or the same dosages of the amphoteric superplas-
ticizers were required to achieve the same spread flow as in the neat cement paste
(Fig. 4).

Among the MAPTAC-modified samples, polymer MAA-45MPEG-MAPTAC
synthesized at a molar ratio of 6:1:1 performs best, implying that an anionic to
cationic charge ratio of 6:1 seems to be the most efficient composition for these
terpolymers.
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Fig. 5 Heat evolution during hydration of CEM I 42.5 R blended with 20 wt% calcined clay (w/b
= 0.55) admixed with superplasticizers (polymer dosage as shown in Fig. 4)

3.2 Impact of Amphoteric Superplasticizers on Cement
Hydration

The effect of the synthesized amphoteric terpolymers on the hydration of the
blended cement was studied via isothermal heat flow calorimetry (Fig. 5). When the
amphoteric comb polymers are added, no (e.g., sample MAA-45MPEG-MAPTAC
(6:1:0.5)) or only a slight (~2 h, e.g., sample MAA-45MPEG-MAPTAC (6:1:6))
delay in the induction period was observed, indicating no influence on the silicate
clinker hydration.

Moreover, for all zwitterionic polymers the deceleration period exhibits a much
higher exothermic rate which leads to a shorter period of heat evolution, indicating a
faster kinetics of the early hydration compared to an anionic MAA-45MPEG (6:1).

4 Conclusions

In the present study, four amphoteric comb copolymers composed of methacrylic
acid, MPEG macromonomer and MAPTAC as cationic monomer were synthesized
and their ability to disperse OPC blended with a calcined naturally occurring mixed-
layer clay was investigated.

It can be concluded that optimal dispersing effectiveness is achieved at a low
content of cationic monomer.
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Moreover, the investigations revealed that zwitterionic polymers show no or only
a minor retarding effect on early cement hydration and can even shorten the heat
evolution period in the first 48 h compared to conventional anionic polycarboxylates.

The authors are aware that for a better understanding of the influence of a cationic
monomer on the dispersing mechanism, adsorption and zeta potential measurements
have to be conducted. Moreover, heat flow calorimetry results have to be proven and
underpinned by compressive strength measurements.
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Effect of Clay Mineralogy, Particle Size,
and Chemical Admixtures
on the Rheological Properties of CCIL
and CCI/II Systems

Brandon Lorentz, Hai Zhu, Dhanushika Mapa, Kyle A. Riding
and Abla Zayed

Abstract A major challenge of calcined clay cements is the flow properties. This
research addresses binary and ternary CCIL (calcined clay blended with an ASTM
C595 Type IL cement at the ready-mixed plant) and CCI/II systems and the effect of
particle size and chemical admixtures on rheological characteristics. The effects of
six different calcined clays and a superplasticizer and viscosity reducing admixture
on the static and dynamic yield stress and viscosity of the blended paste were mea-
sured.While calcined clay systems alter the cementitious system flowability, modern
chemical admixtures can custom-tailor the concrete rheological properties for robust
placement and consolidation.

Keywords Supplementary cementitious materials · Specifications

1 Introduction

Calcined clay has been shown to be a viable supplementary cementitious material,
and when used in conjunction with ground limestone fines, it is capable of sig-
nificantly reducing the concrete clinker factor and carbon footprint [1, 2]. It also
improves concrete strength, resistance to ASR, pore structure, and chloride pene-
trability [3, 4]. Limestone calcined clay cements (LC3) have been promoted for use
in many markets as a pre-blended product optimized for performance and use. For
some regions, however, the market may prefer the flexibility of adding the calcined
clay separately at the ready-mixed plant with an ASTM C595 Type IL cement. This
system called calcined clay Type IL cement (CCIL) can provide durability and sus-
tainability benefits of LC3 systems [5]. CCIL systems however will not have grinding
aids optimized to compensate for reductions in flowability caused by the calcined
clay. Chemical admixtures need to be added at the ready-mixed plant to adjust the
rheological properties of CCIL.
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Rheometers are used to measure the fundamental flow properties of cement and
concrete systems. These properties include the relationship between shear stress
and shear rate and thixotropy. The relationship between shear stress and shear rate
for concrete is often idealized using a linear Bingham model with the yield stress,
the stress needed to initiate flow, and the plastic viscosity, the slope of the shear
stress and shear rate relationship. Rheometers cannot directly measure cement paste
shear rate or shear stress. Instead, they measure a linear velocity and force for paste
moving between parallel plates or rotational velocity and torque for concentric cylin-
ders. These measurements are then used to calculate the shear rate and shear stress
using analytical transformations. For other rheometer geometries, transformation to
fundamental rheological properties is indirect and, in any cases, empirical. Rheome-
ter geometry choice and data misinterpretation can sometimes lead researchers to
conclude that cement paste is shear thinning or shear thickening [6].

Calcined clay can cause stiffening of paste through particle flocculation, trapping
water and causing high mixture thixotropy [7]. Clay particles can have positively
charged edges and negatively charged faces that contribute to the flocculation. It is
believed that particle size, clay type and amount should influence the clay surface
charge, flocculation, and rheological properties that can be overcome through the
use of admixtures [8]. This study examines the effects of calcined clay particle size,
type, and amount on rheological properties of CCIL systems.

2 Materials

An ASTM C595 Type IL10 and a Type I/II Portland cement with 1.3% limestone
were used in this study. Six different kaolin clays obtained from the USA southeast
were used. The clay composition was measured using x-ray diffraction with Rietveld
refinement as shown in Table 1. Clays A1, F, G, and D1 were calcined in an electric
furnace at 600 °C, while clays B1 and B4 were calcined at 850 °C. All clays were

Table 1 Clay composition as determined by x-ray diffraction with Rietveld refinement

B1 A1 F G D1 B4

Kaolin (wt%) 93.1 89.6 85.9 77.7 78.4 65.5

Fe substitution x 0.01 0.03 0.15

Illite (wt%) 0.3 0.6 0.1

Crandallite (wt%) 0.3 0.1 0.9 1.5

Hematite (wt%) 1.0 1.4 0.1

Gibbsite (wt%) 24.0

Anatase (wt%) 0.7 0.8 0.8 1.0 1.1

Quartz (wt%) 0.9 1.7 1.5 3.8 2.4 0.2

Amorphous/unidentified (wt%) 4.6 8.2 10.8 15.4 16.6 9.1



Effect of Clay Mineralogy, Particle Size, and Chemical … 213

Fig.1 Calcined clay particle size distribution

ground using a mortar and pestle and measured using laser particle size analysis as
shown in Fig. 1. Clays B1 and B4 were ground to different fineness levels. Cement
pastes used in this studyweremade using awater–cementitiousmaterial ratio (w/cm)
of 0.485 with 20% weight replacement of calcined clay. Mixtures with Type I/II mix
designs were made using calcined clays A1, D1, F, and G with their naturally mined
fine aggregate separated between sievesNo. 200 (75µm) andNo. 325 (44µm)during
grading. Six calcined clays were also tested with a Type IL cement. An ASTMC494
Type F high-range water-reducing (HRWR) admixture was used [9]. When used,
HRWR was at a dosage of 650 mL/100 kg cementitious material.

3 Methodology

Cement pastes were mixed for 3 min using a low shear mixer. After mixing, the
IL10 cement pastes were placed in the rheometer concentric cylinders. After the
sample was placed in the container, the following steps were performed to measure
the cement paste rheological properties:

1. Condition sample in testing cup at 10 s−1 shear rate for 10 s
2. Let the paste rest in testing cup for 2 min
3. Measure paste static yield stress by rotating at low shear rate (0.005 s−1) for

1 min
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4. Breakdown agglomerates by rotating for 1 min at 70 s−1 shear rate
5. Flow sweep down from 70 to 0.1 s−1 to calculate fluid dynamic yield stress and

plastic viscosity

A TA Instruments Discovery Hybrid rheometer (DHR-2) was used to measure
the cement paste rheological parameters. The average results of three independently
mixed samples are reported in this study. Sample temperature was maintained at
23 °C using a Peltier module in the rheometer.

The zeta potential of the Type I/II cementitious systems was measured using
a Malvern Instrument nano-series Zetasizer following Smoluchowski’s expression
[10]. Reported electrokinetic data are based on the average of data obtained from
three independently mixed pastes. Methods used for paste analysis were similar to
those reported by Safi et al. and Talero et al. where 1 cm3 of fresh paste as prepared
for rheological study was diluted with 30 cm3 of water and analyzed as an aqueous
solution [11–13].Mixtures tested for zeta potential weremade with Type I/II cement.
Paste rheological measurements made with Type I/II cement were made using a
helical ribbon and were measured by pre-shearing at 50 s−1, allowing the paste to sit
in the cup for 2 min and then using the ascending branch to compute the yield stress.

4 Results

Figure 2 shows the static yield stress of the Type IL cements vs. clay kaolin content
for the clays tested. A linear relationship was seen between the clay kaolin content
and static yield stress for the calcined clays with similar particle sizes (D1, F, G, B1-
fine). When the particle size was significantly smaller (clay A1) or the composition
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Fig. 3 Measured shear rate vs. shear stress for Type IL cement control mixture

was significantly different (clay B4 with 24% Gibbsite), the static yield stress devi-
ated from this relationship. The presence of Gibbsite in the raw clay is expected to
decompose to an amorphous alumina phase after the calcination procedure employed
which results in a similar influence on rheological properties as calcined kaolin, an
amorphous aluminosilicate [14, 15]. Figure 3 shows themeasured shear rate vs. shear
stress values measured for the control Type IL cement paste mixture. The cement
pastes tested showed very linear behavior at high shear rates, indicating Bingham
fluid behavior. At low shear rates, a significant nonlinear behavior was found because
of plug flow. The Bingham model was fit to the linear portion of the curves to avoid
this measurement artifact. Figure 4 shows a rheograph for the Type IL paste mixtures
tested. The calcined clay increased the plastic viscosity and dynamic yield stress in
a similar ratio, regardless of the clay type and particle size tested. The use of HRWR
reduced the yield stress significantly more than the plastic viscosity. HRWR was
able to successfully increase the paste flow properties to a level comparable to the
control.

Figure 5 shows the relationship between the zeta potential of the Type I/II binary
and ternary (20% fine aggregate replaced for clay) cements and clay kaolin content,
while Fig. 6 shows the paste yield stress and viscosity with zeta potential for all Type
I/II pastes. It is noted that the inclusion of each clays’ natural fine aggregate slightly
improved the rheological performance. However, the development of a ubiquitous
trend between admixture kaolin content, yield stress, and zeta potential was not
observed when replaced as part of the clay portion. This has been attributed to
the inability of kaolin content to account for the bimodal mixing effects caused
by the aggregates during mixing, facilitating thixotropic and structural breakdown.
However, Fig. 6 presents a strong relationship between yield stress and viscosity with
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Fig. 5 Zeta potential of Type I/II cements with admixture kaolin content (superscripts noted: B ≡
Binary, T ≡ Ternary)

all pastes’ zeta potentials, indicating that the charged surfaces of the clay particles,
having a Lewis-Basic character post calcination, are the ultimate driving force behind
the flow reduction [16, 17]. This is corroborated by the trends presented in Fig. 5
where kaolin content strongly influences system zeta potential. Zeta potential is
shown to ubiquitously account formineralogical and bimodalmixing effects calcined
clays and their fine aggregates have on rheological properties.
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Fig. 6 Zeta potential influence on Type I/II cements yield stress and viscosity

5 Conclusions

The poor flowability of CCIL systems is widely known and has been recognized in
the experimental studies presented in this research. Based on the experimental results
from this study, kaolin quality, nature, and content of impurities all have important
implications on rheological performance. The Lewis—Basic and surface character-
istics of calcined clay minerals control paste rheology via colloidal interactions. The
effect of particle size is a significant driver of workability issues and inclusion of fine
aggregate and clays with varying fineness clearly exposed pastes’ rheological perfor-
mance to deviate from a purely mineralogical influence. The effects of both mineral-
ogy and particle size must be considered when optimizing calcined clay cements’ for
flow performance, and zeta potential measurements are an effective means of cap-
turing their confounding influence. Although there are serious concerns with these
systems rheological behavior, superplasticizers may be used to custom-tailor their
flow characteristics to an appreciable level.
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On the Workability of Mortar
and Concrete Mixtures Containing
Calcined Clay Blends

Klaus-Juergen Huenger, Ingolf Sander and Natalia Zuckow

Abstract Calcined clays can be used in mortar and concrete as a part of a binder
(LC3) or as a supplementary cementing material (SCM). The aim here is to substitute
fly ash as an additive in concrete recipes. A stable mixture between two regionally
available clays, burnt together with a certain ratio of 60:40 wt% at 650–680 °C,
could be produced. Such metaclays produced in larger amounts were investigated
in different mortar and concrete mixtures. The production indicates an important
problem with the workability of the fresh concrete mixtures. That is why different
superplasticizers were tested. It could be found that especially a mixture between a
PCE-based material and a special additive developed for loam sands provides very
good results. The workability increases from less than 200 mm slump on a value of
about 300 mm. The combination of calcined clay materials and specially developed
superplasticizer mixtures allows producing concrete with very different properties.
It can be a closed system for the production of durable concrete structures.

Keywords Calcined clay mixtures · Supplementary cementing material ·
Workability · Superplasticizers mixtures · Precast concrete elements

1 Introduction

The goal of the performed investigations is to substitute fly ash as an additive in
concrete recipes. Already in some years, one type of certificated fly ash in Germany
will then no longer be available as the power plant will be closed. Therefore, it is
necessary to find substitute materials with same or even better properties. One of
them can be calcined clay.

Calcined clay is the main term for a group of substances consisting of thermally
treated clay materials. An important representative of this group is metakaolin. The
formation of metakaolin, the common material used as a pozzolanic reactant in
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cement or concrete structures, is connected to relatively pure raw clays consisting
of kaolinite with a content of more than 90%. Because of the calcination process
at approximately 750–800 °C, metakaolin is formed by destruction of the crystal
structure of the kaolinite mineral. Other clay materials which are not so pure and
consist of different clay structures are also in the focus of the international research.
Here, in this paper, the name “metaclay” is used for such materials.

During the last decade, many researchers have dealt with metaclay materials in
order to reduce CO2 emissions and to increase the strength and durability of mortars
and concrete [1–3]. Already in 1995, 25 years ago, this subject was a part of the
research work summarized in [4]. Investigations of special mixtures of clay minerals
were performed too to improve the pozzolanic properties [5, 6]. Exactly, this idea
was taken up for the research presented here. The first results have been described
in [7].

In the meantime, a stable mixture between two regionally available clays, burnt
together with a certain ratio of 60:40 wt% at 650–680 °C, could be developed. In
cooperation with a regional company, the production reaches a technical scale of
approximately several 100 kilograms of calcined clay materials. With this amount,
larger formatted concrete samples are also available.

What works in the laboratory does not have to work in the field. The large
production indicates an important problem with the workability of the fresh con-
crete mixtures. This is a problem described in the literature too. Certain “old” and
“new” superplasticizers were tested, and obviously different results were obtained.
In [8], a good workability was reached by using superplasticizers based on ligno-
sulphonate. Another researcher [9] reported on the good effectiveness of PCE-based
superplasticizers added to calcined clay limestone cement mixtures.

Because of contradictory results by using superplasticizers in combination
with calcined clay mixtures, each calcined clay material requires obviously its
special component. That is why a comprehensive program for testing different
superplasticizers was performed.

2 Materials Used

The investigations were made with four different groups of superplasticizers.

• on the basis of PCE from different producers,
• on the basis of Lignosulphonate,
• on the basis of mixtures between both,
• and additionally a special additive developed for loam containing sands (sand
blocker system).

The reference recipes were well-known fly ash containing concrete mixtures. The
new mixture should indicate a same or better workability behavior.

The workability was measured very easily by determining the slump using the so-
calledHaegermann table formortar and a larger spreading table for concretemixtures.
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Table 1 Superplasticizers chosen

Material SP1 SP2 SP3 SP4 SP5

Name ACE455 334 BV 22 BV SBS
8005

18 BV

Basis PCE Na-Lignosulphonate PCE +
Lignosulphonate

Sand
blocker
system

Mg-Lignosulphonate

Effect as FM BV VZ/BV/FM SB BV

FM superplasticizers; BV condenser; VZ retarder; SB sand blocker

On selected mixtures, additionally, the setting behavior was pursued by using the
ultrasonic technique. Investigations in the laboratory and also investigations in the
field (performed in cooperation with the company) were realized. Mortar prisms and
also concrete samples were produced to find out the best recipes or the most effective
SP materials. Table 1 summarizes the superplasticizers used in the laboratory and
also in the field.

It is very difficult to get information on the composition of superplasticizers used
in this project. The manufacturer advertises, for example, with a specially developed
sand blocker system for layer silicate structure substances, which are very useful for
highly clay containing sands. The focus lays also on the use of substances containing
lignin sulphonate because of results and advertises from the literature.

To determine the influence of the cement strength, two cements with a strength
class of 42.5 N/mm2 and 52.5 N/mm2 according to the European standard EN 197
were selected. Data of the calcined clay material used here as a substitute for fly ash
can be taken from [7].

3 Performance

Investigations were performed not only in the laboratory (slump experiments) but
also in the field (in cooperation with the company). The last one means that large
concrete samples were produced under real production conditions. Table 2 contains

Table 2 Recipes of the
laboratory investigations

Cement type 42.5/52.5 42.5/52.5 42.5/52.5

Volume [L] 0.77 0.77 0.77

Cement [g] 450 450 450

Water [g] 225 250 250

Aggregate 1056 850 850

Fly ash – 112 –

Calcined clay – – 112

w/(z + k*f ) 0.5 0.5 (f = 0.4) 0.5 (f = 0.4)
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Table 3 Dosages of superplasticizers

min.[wt] min.[g] med.[wt%] med.[g] max.[wt%] max.[g]

MS SBS 8005 0.20 0.90 0.85 3.82 1.50 6.74

MP 18 BV 0.10 0.45 0.50 2.25 0.90 4.04

MP 22 BV 0.20 0.90 1.10 4.94 2.00 8.98

MP 334 BV 0.10 0.45 0.55 2.47 1.00 4.49

the recipes for determination of the slump in the laboratory. In the first step, the
pure substances were tested and the slump was determined. The activity index f was
defined with 0.4, equal to fly ash. In the second step, because of an economic view
the mixtures of superplasticizers were investigated.

The dosages of superplasticizers used can be taken from Table 3. According to the
information of the producers, the amount varies from SP to SP. Additionally, min-,
med- and max-values were selected for producing mortar prisms.

Additionally, mixtures between different SPs in all possible ratios (min-min, min-
med and min–max) were investigated.

Based on the results in the laboratory, a large investigation programwas performed
in cooperation with the practical partner. Recipes are summarized in Table 4.

Table 4 Investigation in cooperation with the company

Components SP [wt% of
cement]

Volume density
δ

Mass for 1 m3

concrete
Mass for 30 L
mixture

Units dm3 kg/dm3 kg kg

Sand, 0–2 mm 259.70 2.63 683 20.49

Gravel sand
2–8

102.67 2.62 269 8.07

Gravel 8–16 321.29 2.63 845 25.35

CEM I 52.5 R 90.32 3.1 280 8.4

Freshwater 162.00 1 162 4.86

Fly ash or
calcined clay

32.41 2.16 70 2.1

ACE 455 0.7 1.81 1.08 1.96 0.0588

MS SBS 8005 0.4 1.02 1.1 1.12 0.0336

Air void 28.78 0 0 0

Sum 1000 2312.08 69.39
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Fig. 1 Slump of samples produced with different superplasticizers

4 Results

4.1 Slump/Spreading Behavior

Figure 1 shows the results of the slump of samples produced in the laboratory. It can
be observed that an effect to improve the workability can be measured with every
material. Especially, MS SBS 8005 shows a strong increase of the slump, and also
the other substances reach the reference mixture with fly ash. In general, the values
are a little bit too high because of the high amount of water inside the mixtures

Because of the fact that MS SBS 8005 provides very good results, also mixtures
between some SP were investigated. The background here is an economical view too
because SBS 8005 is very expensive. Figure 2 shows the results of these investiga-
tions. Aminimum concentration of SBS 8005 combined with a middle concentration
of MP BV 22 or 334 provides results, which are equal to the reference recipe with
fly ash.

Therefore, the amount of SBS 8005 can be reduced and extended by a cheaper
SP substance.

4.2 Dynamic Modulus of Elasticity of Mortar Samples

Figure 3 shows data of the evaluation of the dynamic modulus of elasticity of the pro-
duced mortar samples. The behavior is equal to the reference mixtures and confirms
the principle suitability of recipes developed in the laboratory.
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Fig. 3 Dynamic modulus of elasticity of mortar samples investigated

4.3 Production of Precast Concrete Samples

Table 5 summarizes experiences of the company when dealing with different super-
plasticizers. SPs were also used in mixtures based on the results of the laboratory
investigations. In total, more than 20 different recipes were tested by the company.
Three of them were selected producing larger formatted concrete samples. Because
of many years of use, the superplasticizers ACE 455 was also included in the study
program.

Concrete samples (see Fig. 4) were produced using recipe No. 1, No. 16 and
No. 18 because of the best workability and stability values. There are no significant
differences in the concrete structure of the precast elements produced with different
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Table 5 Recipes for practical use

No. Recipe Superplasticizer SP type Dosage
[wt%]

Slump
[cm]

Observations

1 Ref fly ash ACE 455 FM 0.9 62 Good
cohesiveness

2 FDW
recipe
metaclay

ACE 455 FM 0.9 50 Good
cohesiveness

3 FDW
recipe
metaclay

MP 334 BV BV 0.9 34 Not suitable,
stiff

4 FDW
recipe
metaclay

MP 22 BV VZ/BV/FM 0.9 31 Not suitable,
stiff

5 FDW
recipe
metaclay

SBS 8005 SBS 0.9 52 Good
cohesiveness

16 FDW
recipe
metaclay

ACE 455 FM 0.7 58 Good
cohesivenessSBS 8005 SBS 0.4

18 FDW
recipe
metaclay

MP 22 BV VZ/BV/FM 1.5 53 Very soft,
particular
frothed

SBS 8005 SBS 0.5

No.1

No.16

No.18

Fig. 4 Precast elements produced with different recipes

recipes, however visible differences of the surface quality of the samples exist. The
surface has a great importance for the production of precast elements that is why
different technologies to smooth the surfaces were applied (with hand, with a plate
or an impeller smoother). One half of the plateswere producedwith, the otherwithout
any reinforcement.
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Values of the compressive strength are satisfactory. While recipe No. 1 (refer-
ence with fly ash) reaches values of approximately 62–64 N/mm2, the values of the
recipes No 16 andNo 18 are a little bit among them and reach 57N/mm2 (No. 16) and
53 N/mm2 (No. 18). Actually, precast elements produced store under the same con-
ditions as the normal produced one to compare the shrinkage and durability behavior.

5 Conclusions

1. A specially developed calcined claymixture between two different clays, burnt at
temperature of approximately 650–680 °C, is suitable for using SCM in concrete.

2. Because of the calcined clay structure, sometimes the workability is a problem
for producers of precast concrete elements.

3. Different superplasticizers with different compositions and molecule structures
were tested because some information from the literature is contradictory.

4. The combination of calcined clay materials and specially developed superplas-
ticizers mixtures allows producing concrete with different properties.

5. Results obtained in the laboratory cannot transform in a direct way to the condi-
tions in the company, that‘s why the recipes from the laboratory have to be tested
under production conditions.

6. It can be summarized that a substitution of fly ash by calcined clay materials
using a special mixture of superplasticizers is possible and allows producing
large formatted precast elements with equal properties.

Acknowledgements The authors wish to express their gratitude and sincere appreciation to the
AiF (German Federation of Industrial Research Associations) for financing this research work.
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Studying the Rheological Behavior
of Limestone Calcined Clay Cement
(LC3) Mixtures in the Context
of Extrusion-Based 3D-Printing

Mirza A. B. Beigh, Venkatesh N. Nerella, Christof Schröfl
and Viktor Mechtcherine

Abstract Ensuring sustainability of printable concretes while complying with the
complex requirements to their rheological properties in the fresh state is challenging
yet absolutely essential. In this context, the limestone calcined clay cement (LC3)
is of high relevance. In the study at hand, the structural build-up of LC3 paste was
investigated by using the single batch testing approach. Two different calcined clays
(CC), one from India and one fromGermany, were studied, whichwere characterized
by 58 and 66% amorphous phase, respectively. Both CCs enhanced the static yield
stress of the cementitious materials, showing benefits of their use for digital concrete
construction. However, the structural build-up of LC3 made with Indian CC was
significantlymore pronounced in comparisonwith thatmade of theGermanCC.Most
likely, such quick and intense structural build-up can be attributed to the presence
of kaolinite in the Indian CC which interacts with the high-range water-reducing
admixture used in a particular way.

Keywords Digital concrete construction · 3D-printing · Calcined clays ·
Rheology · Structural build-up

1 Introduction

Extrusion-based DC has seen a surge in the research efforts and innovations in recent
years [1, 2]. 3D-printable cementitious materials (3PCs) for the extrusion-based
digital construction (DC) should possess sufficiently high initial static yield stress
(SYS) to yield the required buildability. Furthermore, the rate of increase in SYSmust
be in well-balanced proportion to the vertical printing rate which increases the static
pressure [3] of the lower printed layers. From material composition perspective,
there are two ways to meet the requirement of high static yield stress: (1) use of
chemical admixtures such as accelerators [4, 5] and/or (2) addition of secondary
supplementary materials (SCMs) which increase the rate of flocculation at early age
and hence enhance the structural build-up [6, 7]. The type and amount of the SCMs
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affect directly the overall sustainability of digital construction and therefore must be
considered while designing concrete compositions for such seminal technologies as
3D-printing. While compositions with fly ash and silica fume are more sustainable
than those with Portland cement only, the availability of such SCMs is limited.
Therefore, the use of alternative SCMs in 3PCs must be fostered. Chen et al. [8]
suggested the usage of calcined clay along with limestone powder as SCMs for
developing sustainable 3PCs with low CO2 footprint. The key literature on LC3 [9,
10] suggests that a mixture consisting of limestone and calcined clay with a mass
ratio of 1:2 not only can replace higher amounts of clinker but also can generate
carbo-aluminate hydrates which can fill the capillary pores. Note that the calcined
clay serves as a pozzolanicmaterial [11] while the limestone powder primarily serves
as a rheology modifier [12]. In the article at hand, the rheology of LC3 cement pastes
is investigated, while two different sources of clay were used denoted as Indian
calcined clay (ICC) and German calcined clay (GCC). The concept of using 1:2
mass ratio proportions of limestone and calcined clay is followed. The influence of
CC replacements on the structural build-up is assessed in comparisonwith a reference
paste that has only Portland cement as a binder [13]. The early age structural build-up
evolution of cement pastes in time is characterized by linear evolution [14] until a
characteristic age of tc and is exponential thereafter as described by Perrot’s model
[15] in (Eq. 1).

τ0(trest) = τ0,0 + Athix.tc(e
trest/tc − 1) (1)

where τ0,0 is the static yield stress at the beginning of the rest period, trest is the resting
time and Athix is the structuration parameter.

2 Experimental Investigation

2.1 Materials

Two LC3 paste mixtures were investigated based on the reference cement paste
(Ref) presented in the prior work by authors [13]. The LC3 mixtures were prepared
by replacing 52.5 wt% Portland cement CEM I 52.5 R ft, denoted CEM, by lime-
stone and calcined clay used in the ratio of 1:2 [10, 16]. All cement pastes had an
equivalent water-to-cement ratio (w/c)eq of 0.42, calculated according to EN 206-1
[17]. As a high-range water-reducing admixture (HRWRA), MasterGlenium SKY
593 produced by BASF Construction Solutions GmbH, Trostberg/Germany, was
used. Mineralogical compositions of both calcined clays and limestone powder were
determined using powder X-ray diffraction (XRD) operating with CuKα radiation.
Clays were inherently hydrous aluminosilicates [18]. XRD disclosed that GCC con-
tained a higher amount of amorphous phase of 66% as compared to ICC, which had
approximately 58%. Besides, ICC contained 25% calcite and 9.2% kaolinite. The
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Table 1 Mineralogical composition of GCC (wt%)

Quartz Mica Feldspar Anhydrite Calcite Amorphous phase %

18.8 6.6 4.9 1.8 1.8 65.7

Table 2 Mineralogical composition of ICC (wt%)

Quartz Anatase Tricalcium
aluminate

Gypsum Kaolinite Calcite Amorphous phase
%

1.8 1.2 0.9 3.3 9.2 25.4 58.2

high amount of kaolinite in ICC, which is absent in GCC, can be very important
with respect to the performance of HRWRA. The GCC and the ICC were obtained
from external providers who had prepared them using proprietary processes (Tables 1
and 2).

The particle size distribution (PSD) of the dry constituents was measured using
a laser diffraction technique, and the cumulative plot is shown in Fig. 1. The PSD
of the cement, GCC and limestone are similar, while, in contrast, the ICC is coarser
(Table 3).
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Table 3 Compositions of the cement pastes under investigation

Constituents Density
[kg/dm3]

Ref mixture
[kg/dm3]

LC3 mixture
[kg/dm3]

CEM I 52.5 R ft 3.10 1.140 0.599

Water 1.00 0.627 0.529

HRWRA (PCE) 1.01 0.009 0.009

Calcined clay 2.65 – 0.441

Limestone 2.31 – 0.221

Table 4 Preparation protocol for the cement pastes

Time
[min:s]

Duration
[min:s]

Speed
[rpm]

Action

00:00–00:10 00:10 – Adding water with the pre-dissolved HRWRA to the dry
constituents

00:10–01:00 00:50 139 Mixing

01:00–02:30 01:30 – Wall scraping

02:00–03:30 01:30 591 Mixing

03:30–04:00 00:30 – Wall scraping

04:00–06:00 02:00 591 Final mixing

2.2 Paste Preparation

One liter (1 dm3) of cement paste was prepared for each experiment following
methodology given in Table 4, using a benchmounted planetarymixer. It was ensured
that all pastes were dispersed well and had the same shear history during the mixing
process.

2.3 Rheometry

Flow table test was employed to determine the spread diameter as a pragmatic, prac-
tical measure of the bulk rheological behaviour. Thereafter, the rheometer HAAKE
MARS II was used with a so-called building materials’ cell and a vane configuration.
The paste was filled in the unit cell in three steps, making certain that no air remained
entrapped. The test protocol following the single batch method was used to study
the structural build-up. At first, the hysteresis loop test was performed at a paste age
of 18 min to ensure the maximally deflocculated state in comparison with the suc-
cessive ages of the paste [19]. The interpolation of the shear stress–shear rate lower
curve to an intercept with the y-axis provided the Bingham yield stress while the
slope yielded the Bingham plastic viscosity. The SYS was measured at the sample
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Table 5 Testing profile for
assessing the structural
build-up

Time relative [mm:ss] Shear rate [s−1] Action

18:00–18:30 0–100 Shear rate up

18:30–19:30 100 Constant shearing

19:30–20:00 100–0 Shear rate down

23:00 0.08 < γ̇ap Stress growth test

45:00 0.08 < γ̇ap Stress growth test

60:00 0.08 < γ̇ap Stress growth test

90:00 0.08 < γ̇ap Stress growth test

120:00 0.08 < γ̇ap Stress growth test

ages of 23, 45, 60, 90 and 120 min following the strain-based approach [13]. The
constant effective strain maintained was 0.2 for all measurements and was sufficient
to ensure flow onset. In other words, the vane was rotated at a constant shear rate of
0.08 until an effective strain of 0.2 units was realized, and then, the vane was stopped.
Stopping the measurement at 0.2 units enabled the prevention of excess disturbance
of the specimen. Table 5 shows the test methodology of the experiments.

Each test was repeated thrice to ensure statistical reliability. The coefficient of
variance with regards to the Bingham yield stress and plastic viscosity was less than
5%, underlining high reproducibility of the measurements.

3 Results and Discussion

In a set of preliminary experiments, it was observed that the pastes under investigation
reached the maximum value of shear stress at a critical strain of 0.2 units, see also
Sect. 2.3. The shear stress measured at the constant shear rate applied is plotted as a
function of shear strain in Fig. 2. As the paste aged, the structural build-up evolved
significantly and so did the response of shear stress to the shear strain. It is important
to note that the ICC paste exhibited much more intense structural build-up than the
GCC paste, and therefore, the y-axis limits of the plots in Fig. 2 vary by the factor
of 10.

Literature suggests that static yield stress is the peak of the shear stress versus
shear strain curves [18, 20]. However, the static yield stress may not always be read
at a distinct point [13]. Hence, the static yield stress was calculated as the average
of the shear stress values at the transition from the linear growth of shear stress and
shear strain curve into the plateau (cf. Fig. 2). The calculated static yield stresses
for various paste ages are plotted in Fig. 3a. The structuration rate is denoted with
the parameter Athix that is calculated by fitting the measured data to Perrot’s model
[15]. Athix of the ICC is 7.5 times and 47.8 times higher than that of the GCC and
reference paste, respectively. The flow table spread values showed a similar trend, see
Table 6. These results confirm the anticipated increase in the structural build-up due
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Table 6 Flow spread
diameter of the pastes under
investigation

Mixture Initial diameter at
18 min [mm]

Final diameter at
120 min [mm]

Ref. paste 303 301

GCC paste 270 190

ICC paste 180 130

to the substitution of cement using the combination of calcined clay and limestone
powder. Both the GCC and ICC mixtures exhibited a considerably more intense
structural build-up in comparison with the reference cement paste while having less
than half of the Portland cement content. Since high Athix values are usually regarded
as beneficial for digital concrete construction, the use of LC3 has a high potential as



Studying the Rheological Behavior of Limestone Calcined Clay … 235

a binder for 3PCs. It must be emphasized that among the CCs tested, the ICC with
Athix of 3.3 Pa/min leads to a significantly higher structural build-up in comparison
with the 0.437 Pa/min of GCC. The origins of this behaviour are a matter of ongoing
investigation. Differences in both the particle size distribution and the mineralogical
composition could be probable causes. In addition to potential differences in the
actions of the amorphous phase, the ICC had a rather high amount of kaolinite and
some tricalcium aluminate. The latter is highly reactive in the presence of water and
may result in a quick setting. Concerning the clay of kaolinite, the HRWRA may
specifically react with this layered mineral. Ng et al. [21] have reported that the
layered structure of clay minerals is prone to intensely interact with PCEs. Besides
adsorption to their outer surfaces, clays can intercalate significant numbers of PCE
molecules in their interlayer spaces. In this way, a high amount of PCE is bound
within the mineral and is not available for plasticizing the paste any longer. This
critical issue will be considered in further research by selecting the type and dosage
of HRWRA depending on the mineralogical composition of CC materials.

4 Summary and Conclusions

The rheology of binder pastes made of LC3 was investigated. Calcined clays from
India (ICC) and Germany (GCC) were used. XRD analysis showed 66 and 58%
amorphous phase in GCC and ICC, respectively. ICC contained a significant portion
of kaolinite, which represents uncalcined, initial clay mineral, whereas the GCC
sample did not contain layered clayeyminerals. The structural build-upwasmeasured
using the strain-based, single batch approach. The structuration parameter Athix of
ICC was 7.5 times higher than that of GCC and 47.8 times higher than that of the
reference paste. The much more intense surge in the structuration in case of ICC in
comparison with the GCC behavior may be owing to the presence of the kaolinite.
Extensive adsorption accompanied by intercalation of HRWRA molecules is most
likely the reason for the loss of the plasticizing effect in LC3 paste with ICC. With
respect to the digital concrete construction, the obtained results confirm the suitability
of limestone calcined clay cement as a more sustainable and rheological beneficial
alternative to Portland cement.
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Rheological Properties
of Self-Compacting Lightweight
Concrete with Metakaolin

C. D. Wagh, S. N. Manu and P. Dinakar

Abstract To escalate the structural efficiency of concrete is one of the best prac-
tices to achieve sustainability of concrete. Development of high strength lightweight
aggregate self-compacting concrete has significant importance in this circumstance.
Due to lower strength of the porous lightweight aggregate, it is very much neces-
sary to improve the strength of the binder that is used in the concrete. Incorpora-
tion of metakaolin in the binder is one such practice to improve the strength of the
binding material and to achieve these rheological properties of the concrete is very
important. The present study evaluates the rheological and mechanical properties
of high strength self-compacting lightweight aggregate concrete developed using
metakaolin. SCCs were developed with binder content of 550 kg/m3 and water-
binder ratio of 0.28, having metakaolin replacement percentages of 7.5, 10, 12.5 and
15%. Fresh properties of all the developed concretes using metakaolin were satis-
fying the SCC criteria. The compressive strength of the concretes increased due to
the addition of metakaolin. At higher replacement level of metakaolin, it was also
observed that the yield stress and plastic viscosity of the concrete increased. All
these evidences justify that metakaolin is a potential material for the development
of high strength lightweight self-compacting concrete which not only improves the
rheological properties but also the mechanical properties of SCCs.
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1 Introduction

Achievements in modern concrete technology have led to the introduction of
lightweight aggregate concrete (LWAC) and self-compacting concrete (SCC) as
mass reducing structures and workable materials. Structural lightweight aggregate
self-compacting concrete (LWASCC) only accepted by the construction industry
as it must satisfy all characteristics pertaining to self-compactness while having a
low density; the latter poses a challenging hindrance toward robust self-compacting
behavior as it imparts low dynamic energy to the mixture during flow. Moreover,
some unfavorable properties of lightweight aggregates (LWAs) such as high poros-
ity (high water absorption), low crushing strength and tendency of buoyancy are
additional factors that should be taken into consideration during mix proportion-
ing. If successfully designed, produced and implemented LWASCC constitutes a
high-performance material that combines the advantages of structural LWAC, with
self-compacting characteristics.

In general, workability, strength and durability are considered as the three major
characteristics of concrete. It is believed that workability properties are related
to fresh state concrete characteristics, whereas strength and durability properties
attributed to the hardened state of concrete. Fresh and hardened properties of the
concretes are mainly governed by the properties of the materials and the mix pro-
portions that were adopted [1]. The structural behavior of concrete relies on mixing
proportions and material properties of the composite system and these factors do not
change after hardening.

It is a well-known fact that the use of supplementary cementitious material will
enhance the fresh and hardened properties of concretes. The present study evaluates
the influence of metakaolin (MK) in the development of high strength lightweight
aggregate SCC. Metakaolin differs from the most commonly used mineral admix-
tures, such as fly ash and silica fume, in that it is not a by-product. It is manufactured
under controlled conditions by thermally activating purified kaolinite clay within a
specific temperature range (650–800 °C) [2]. It has been reported that metakaolin is
a poorly crystallized white powder with a specific surface of 12,000 m2/kg with an
average particle size between 1.5 and 2.5µm [3]. The particle size of metakaolin lies
between fly ash and silica fume. Therefore, it offers better workability and requires
lesser amounts of high-range water-reducing admixture to obtain slump comparable
to silica fume concrete [4].Apart from this,MKhas a number of other benefits aswell;
its texture is creamier, generates less bleed water, and does not darken the concrete
as silica fume does and results in concrete color that are similar to the conventional
exposed concretes [5]. There are very few studies reported on the development of
SCC using metakaolin.
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2 Materials and Methods

2.1 Materials

The materials adopted in the present experimental investigations are as follows.
The ordinary Portland cement of 53 grade locally available is used conforming to
IS 12,269 [6]. The class F fly ash used in this study conforms to Indian standard
code, IS 3812 (Part I) [7]. The metakaolin used in this study was able to meet the
requirements of ASTM: C 618. Commercially available water-reducing admixture
from BASF, Master Glenium ACE 30 is used in this study. Well-graded natural river
sand has been used as fine aggregate in the present study. It has saturated-surface
dry (SSD) specific gravity of 2.61, absorption of 1.12% and fineness modulus of
2.3. The coarse aggregate used in the present study is artificially produced sintered
fly ash lightweight aggregates. The mix proportions adopted for the present exper-
imental investigation has been shown in Table 1. In Table 1, CL indicates control
concrete without metakaolin produced using artificially manufactured sintered fly
ash lightweight aggregate as coarse aggregates. MKL stands for concrete produced
using lightweight aggregate having certain level of metakaolin replacement. The
replacements levels are 7.5, 10, 12.5 and 15%, respectively.

2.2 Experimental Methods Adopted

To assess the rheological properties of the produced LWASCC tests such as slump
flow test, T500 test, V funnel test, L box test and ICAR rheometer test were used and
the mechanical properties were assessed through compressive strength test. Slump
test and T500 test indicate the flowability and filling ability of the SCC. The V funnel
test determines the filling ability and segregation resistance of the SCC. L box test
is used to determine the passing ability of the SCC through a confined space. The
ICAR rheometer is designed to characterize the static yield stress, the dynamic yield

Table 1 Mix proportions adopted in the present study

Mix
code

Binder
content
(kg/m3)

Cement
(%)

Fly ash
(%)

Metakaolin
(%)

w/b
ratio

Superplasticizer
(%)

CL 550 75 25 0 0.28 0.80

MK L1 550 67.5 25 7.5 0.28 0.85

MK L2 550 65 25 10.0 0.28 0.90

MK L3 550 62.5 25 12.5 0.28 0.95

MK L4 550 60 25 15.0 0.28 1.00
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stress and the plastic viscosity of the concrete [8]. Compressive strength of all the
concretes was evaluated at 3, 7, 28 and 90 days.

3 Results and Discussion

3.1 Slump Flow

The obtained slump flow values were shown in Fig. 1. From the results, it can be
seen that the slump flow of all the developed concretes varied between 670 and
690 mm, which belongs to SF2 according to EFNARC guidelines [9]. From Fig. 1,
it is observed that as the replacement level of increases the flow values decreased.
Though the dosage of the superplasticizer was fixed during the trial mixes in such
a way that the slump flow values belong to 670 ± 10 mm. From Table 1, it can be
noticed that as the dosage of metakaolin increases the superplasticizer dosage also
increases correspondingly. This may be due to the fact that the higher surface area
of the finer metakaolin particles increases the superplasticizer demand. The use of
metakaolin may increase the cohesiveness of the binder. This could be the reason for
the decrease in slump flow values. Slump flow values indicating the consistency of
the SCC; the obtained values indicating that these concretes are highly consistent and
possess good flowability. During the test it is also noticed that no sign of bleeding
was observed at the outer edge of the spread. And the spread was even and uniform
also. This indicates that all the developed SCCs were segregation and bleeding free.
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3.2 L Box Ratio

Passing ability of the lightweight aggregate SCCs has been evaluated through L box
test. And the obtained results indicate that the SCCs developed using sintered fly
ash lightweight aggregates possess good passing ability. According to EFNARC, all
the produced concretes belong to passing ability class ‘PA1.’ Except 15% replace-
ment of metakaolin all the other concretes exhibited L box ratios more than 0.90.
The spherical shape of the lightweight aggregate may reduce intergranular friction
between the aggregate grains. Also, from Fig. 1, it is observed that as the replacement
of metakaolin increases the passing ability decreases.

3.3 T500 Time and V Funnel Tests

Figure 2 shows the variation of T500 time and V funnel time at various replacement
levels of metakaolin. Viscosity can be assessed by the T500 time during the slump
flow test or assessed by the funnel flow time. The time value obtained does not
measure the viscosity of SCC but is related to it by describing the rate of flow.
Concrete with a low viscosity will have a very quick initial flow and then stop.
Concrete with a high viscosity may continue to creep forward over an extended
time. From the obtained results, it can be seen that as the percentage replacement
of metakaolin increases the viscosity of the concrete also increases. The V funnel
time is indicating the filing ability of the concrete, and from the results, it can be
seen that all the concretes took more time to emptying the V funnel. This may be
due to the fact that the mass (weight) of the SCC is less due to the inclusion of
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lightweight aggregate as coarse aggregates. For higher flow time, it is more likely to
exhibit thixotropic effects, which may be helpful in limiting the formwork pressure
or improving segregation resistance. Negative effects may be experienced regarding
surface finish (blowholes) and sensitivity to stoppages or delays between successive
lifts.

3.4 Rheology of SCC

The SCC can be considered as a Binghamfluid. This complex interaction is described
in several works [10, 11].

T = τ0 + μC (1)

Here, the term τ 0 (yield stress) represents the solid phase contribution mainly
dissipation by friction between the grains and the μ (plastic viscosity) represents
the viscous dissipation in the paste phase in the case of angular aggregate concretes
[12]. The results obtained from ICAR rheometer were shown in Fig. 3. The results
indicate that as the metakaolin replacement increases both the yield stress and the
plastic viscosity of the concrete increases. Though the coarse aggregate grains are
spherical in shape the friction offered by the aggregate grains may be minimum.
From T500 and V funnel test, it is already noticed that as the dosage of metakaolin
increases the viscosity also increases. This reduced the workability with metakaolin
inclusion is attributed to the higher surface area of finer grains of metakaolin
that leads to a portion of water being absorbed on the surface which decreases
workability [13].
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3.5 Compressive Strength

Compressive strength is the primary strength governing parameter. Compressive
strength results obtained in the present experimental investigation have been depicted
in Fig. 4. The compressive strength results obtained at 28 and 90 days are follow-
ing the same trend, and from the results, it can be seen that 12.5% replacement of
metakaolin is the optimum dosage for sintered fly ash lightweight aggregates. Also,
from the results, it can be seen that the addition of metakaolin increase the compres-
sive strength from 24 to 47% at 3 days. This indicates that inclusion of metakaolin
facilitates the quick gain of compressive strength at early ages and this will be an
advantage to the precast construction practices. This may be due to the micro-filling
capability [14] of the finer metakaolin particles. 90 days compressive strength results
show that the strength increment is only up to 11% even at the optimum dosage. This
may be due to the ‘strength ceiling’ of the lightweight aggregates. The results also
indicate that the optimum dosage is mainly associated with the compressive strength
of the SCC. However, the flowability and the passing abilities decrease with the
increase in metakaolin dosage. Also, the filling ability is found to be reduced as
the metakaolin dosage increases. But these changes in fresh properties were not
reflected in the compressive strengths results of the concretes. This may be due to
the fact that all the concretes possess sufficient workability; so the micro-filling abil-
ity may dominate in the development of the compressive strength of SCCs produced
with lightweight aggregates (Fig. 4).
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4 Conclusions

• Addition of metakaolin increased the demand of superplasticizer.
• Slump flow and L box values decreased as the percentage replacement of
metakaolin increases.

• T500 and V funnel times increased as the replacement of metakaolin increases.
Rheological studies indicate that the yield stress and plastic viscosity also increases
as the metakaolin dosage increases.

• 12.5% of metakaolin found to be the optimum dosage as far as the compressive
strength is concerned in lightweight aggregate concretes.
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Comparing the Ecoefficiency of Cements
Containing Calcined Clay and Limestone
Filler

Pedro Cesar R. A. Abrão , Rafael T. Cecel , Fábio A. Cardoso
and Vanderley M. John

Abstract Calcined clay and fillers are materials with the best chance of scalability
in cement industry. However, the addition of substantial amounts of SCMs affects
the reactivity and water demand of blended cements, influencing their environmental
impact in use as well as their performance. So, the aim of this work is to compare
the influence of substituting clinker by calcined clay and limestone filler in the
ecoefficiency of blended cements. For that, an ordinary Portland cementwas replaced
by calcined clay and limestone filler to produce two blended cements: LC3 and LFC.
Regarding reactivity, LFC and LC3 presented higher relative combined water at
91 days compared to OPC. Water demand for constant workability was higher for
LC3 compared to OPC and similar to LFC, but when superplasticizer was used,
both cements demanded less water than OPC. Both parameters (reactivity and water
demand) affected the binder’s efficiency measured as cwf index which had a linear
correlation with mechanical performance. In concern of environmental indicators,
binder and carbon intensity, LFC presented the lowest indicators results for concretes
with 20 and 30 MPa, LC3 for concrete with 50 MPa and OPC for concrete with
60 MPa.

Keywords Combined water fraction index · CO2 emissions · Supplementary
cementitious materials

1 Introduction

Fillers and calcined clays are materials with great potential to supply the cement
industry demand to supplementary cementitious materials (SCMs), since they are
two of the most abundant materials in the earth’s crust [1]. Practically, any inert rock
can be used as fillers, but mineralogy and particle shape can influence their technical
viability [2]. On the other hand, clays must have an considerable amount of kaolinite
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in their composition, around 40% are already sufficient to produce blended cements
with technical feasibility [3]. Those clays are widely available on equatorial and
subtropical regions as well as at stockpiled materials on quarries all over the world.
In Brazil, calcined clays are being used in construction since 1960 and blended
cements with this material are still being produced.

The use of both materials, calcined clays and fillers, to replace clinker in cement
production reduces CO2 footprint of blended compositions. However, incorporating
substantial contents of new materials in blended cements affects their performance,
which is generally associated with mechanical strength and durability, both sig-
nificantly impacted by paste porosity. On the other hand, porosity is basically the
difference between the mixing water for a specific rheological behavior and the
chemically combined water. Both parameters were put together in a ratio to provide
the combined water fraction index (cwf ) [4, 5], that measures the binder’s efficiency
in terms of reactivity and water demand.

Nowadays, standards all over the world are classifying cements according to com-
pressive strength, looking just to their reactivity since they use a fixed water/cement
ratio in the tests. However, in real situations, cements can require more or less mixing
water to achieve the desired rheological behavior, affecting their final performance
and environmental impact in use. Thus, it is crucial to put the variable water demand
to discuss the equation of cement’s ecoefficiency.

The aim of this work is to compare the influence of substituting clinker by cal-
cined clay and limestone filler in the ecoefficiency of blended cements. For that,
an ordinary Portland cement was partially replaced by calcined clay and limestone
filler to produce two blended cements: LC3 and LFC. Then, combined water, water
demand, superplasticizer demand, and compressive strength were measured. These
data were used to calculate the combined water fraction (cwf ), porosity, binder, and
carbon intensity indicators.

2 Experimental

The materials used in this work were an OPC from Brazilian market (similar to
Europe’s CEM I), a dilution limestone filler (Filler 3) with approximately the same
particle-size distribution of OPC, an ultrafine performance filler (Filler 2), and a
calcined clay from India gently provided by LC3 team. Filler 1 comes incorporated
in the OPC from the factory. These materials were blended to produce LC3 and LFC.
Codes, general description, and raw materials proportion in mass of each cement are
shown on Table 1. Sulfate content of LC3 cement was corrected. It is important to
note that the dilution of OPC by limestone filler to produce LFC was not adjusted
by increasing the fineness of OPC or by reducing the packing porosity.
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Table 1 Code, general description, and raw materials proportion in mass of each investigated
cement

Code Description Clinker +
CaSO4 (%)

Calcined
clay (%)

Filler (%)

Filler 1 Filler 2 Filler 3 Total

OPC High early
strength
cement

94 – 6 0 0 6

LC3 Limestone
calcined
clay cement

52 30 3 5 10 18

LFC Limestone
filler cement

52 – 3 5 40 48

2.1 Characterization of Anhydrous Materials

Mineralogical composition of OPC and calcined clay were measured by X-ray
diffraction. For phase quantification, a refinement was performed by the Rietveld
method. OPC presented a regular mineralogical composition, with 60.8% of alite,
13.3% of belite, 3.5% of CaSO4, 8.2% of C3A, 8% of ferrite, and 6% of limestone
filler.Calcined clayhas a substantial amount of amorphousphase (82%), indicating an
efficient calcination process. Calcined clay also presented quartz (9.4%) and kaolinite
(5.2%) in their composition, as well as anatase and hematite in lower contents.

Physical properties of the materials are presented on Table 2. Shape factor is
obtained by dividing the SSABET by SSALD. All physical properties were evaluated
for raw materials (OPC, fillers and calcined clay), and physical parameters of the
blended cements (LC3 and LFC) were calculated according to weight percentage of
raw materials in their composition. Cement LC3 presented a higher specific surface
area, shape, factor and lower density compared to the others, which was expected

Table 2 Physical properties of the used raw materials and blended cements

Parameters Filler 2 Filler 3 Calcined clay OPC LC3 LFC

ρ (g/cm3) 2.76 2.74 2.32 3.08 2.76 2.92

D10 (μm) 0.9 1.7 1.9 2.3 1.5 1.6

D50 (μm) 3.0 10.5 13.4 14.4 10.5 10.6

D90 (μm) 8.5 27.5 89.8 39.0 43.0 31.7

SSALD (m2/g) 1.13 0.50 0.51 0.36 0.46 0.42

SSABET (m2/g) 3.73 1.16 8.04 1.64 3.62 1.55

VSABET (m2/cm3) 10.29 3.18 18.65 5.05 9.99 4.53

Shape factor (ξ) 3.3 2.3 15.7 4.6 7.9 3.7

True density (He pycnometry); particle-size distribution parameters (Laser diffraction); Specific
surface area from laser diffraction; Specific surface area from BET method; Volumetric surface
area; and shape factor
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due to the addition of calcined clay. Also, LC3 has a greater volume of fine and
coarse particles (broader particle-size distribution) than other cements, fine particles
are probably associated with kaolinite nano-plates and coarse particles with quartz.

2.2 Studies on Paste

The determination of superplasticizer demand of each raw material was evaluated in
pastes using rotational rheometry.Mixingwas conducted bymechanical dispersion at
10.000 rpm for 90 s. Superplasticizer demand of the blended cements was calculated
according to weight percentage of raw materials in their composition. Reactivity
was assessed by measuring the combined water at 7, 28, and 91 days. Samples at
the selected ages were submitted to hydration stoppage by solvent exchange, then
combined water was measured by thermogravimetric test.

2.3 Studies on Mortar

Mortar composition (1:3 cement: sand, in mass) was elaborated according to Brazil-
ian standard [6] for determination of cement strength class which agreed with Euro-
pean standards [7]. Therefore, the differences on densities of cements as higher as
10% in the case of LC3, were neglected. Mortars were mixed conforming EN 196-1.
Flow table test was used to define the water demand of each cement. Mortars were
tested with Brazilian standard water/cement ratio (0.48) and with water adjusted to
achieve a constant spread of 240 ± 10 mm in the flow table test, with and without
superplasticizer. Superplasticizer was used since it is an essential material in con-
crete industry. After the flow table test (according to ABNT NBR 13,276), mortars
were molded and tested for evaluation of compressive strength at 7, 28, and 91 days
according to EN196-1. The calculation of porosity was carried out according to
Power’s model, with combined water measured by TG.

2.4 Binder Efficiency and Environmental Indicators

Combined water fraction index (cwf ) relates reactivity and water demand of each
cement was calculated according to Eq. 1. The highest is the combined water and
the lowest is the mixing water to reach desired rheological behavior, the higher is
this cwf, indicated an overall more efficient binder.

cwf = wc

wm
(1)
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where, wc is the chemically combined water at the age of interest and wm is the
amount of mixing water used. In this case, mixing water was the one for spread of
240 ± 10 mm in flow table.

Binder (bi) and carbon intensity (ci) indicators [8] were also determined. The first
measures the amount of binder per m3 of concrete to achieve 1 MPa of compressive
strength, similarly the secondquantifies theCO2 emitted perm3 of concrete to achieve
1MPa of compressive strength. CO2 emissions from production of each cement were
estimated as well. It was considered a CO2 emission factor of 842 kg CO2/t clinker
[9], 271 kg CO2/t calcined clay, and 5 kg CO2/t limestone filler [10]. For ci and bi
calculations, concretesweremodeledwith 300 dm3 of paste. Strength of concretewas
estimated bymultiplying the strength ofmortars by a factor of 0.8. For ci calculations,
CO2 footprint of aggregates was not considered since they were kept constant.

3 Results and Discussions

3.1 Demand of Superplasticizer

For the same water and superplasticizer content, cement LC3 presented a greater
yield stress, due to its higher surface area and shape factor. The specific dispersant
content for each cement stayed in a similar range, varied from 3.4 mg/m2 for OPC
and 2.8 mg/m2 for LC3. However, cement LC3 with higher surface area, required
1%wt of dispersant to achieve the saturation content, a value about two times higher
than OPC (0.55%wt) and LFC (0.5%wt). The higher demand for dispersants can
represent significant cost but have almost negligible environmental impact.

3.2 Combined Water

Figure 1a shows the combinedwater of each cement.At 7 and 28 days,OPCpresented
a greater combined water compared to LC3 and LFC, which was expected due to
its higher clinker content. However, at 91 days, cement LC3 had a similar result to
OPC, associated with late pozzolanic reaction of clays.

In Fig. 1b, the line shows were combined water is a result of binder – clinker +
pozzolan – dilution, considering OPC with 6% of filler as reference. As example, at
91 days combinedwater of LC3was 4%above the expected from referenceOPCwith
a dilution of 12% by filler. But at 7 days, LC3 combined water content was below the
dilution line, illustrating that the contribution of calcined clay was increasing over
time. On the other hand, cement LFC stayed close to the dilution line all over the
period.
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Fig. 1 a Combined water of each cement at 7, 28, and 91 days; b Relative combined water (OPC)
versus binder substitution. Empty icons correspond to 7 days of hydration, dotted icons to 28, and
filled icons to 91. The gray line corresponds to a direct dilution

3.3 Water Demand for Standard Mortars

Mortars made with 0.48 w/c ratio presented a very dry aspect (Fig. 2a and e) which
is not the proper consistency for molding. Images from after the test (Fig. 2b and f)
show that mortars did not spread but underwent fracturing due to the lack of cohesion
between the cementitious matrix and the aggregates. Suspensions with superplasti-
cizer and 0.48 w/c ratio also did not present a proper consistency for molding, with
tendency to segregation (relevant images can be found in [5]). It seems desirable
that mixing water to classify cements should be adjusted to the actual need for ade-
quate rheological behavior for molding. In this work, a spread of 240 ± 10 mm was

(b) Spread = 105mm

(a) w/c 0.48

(d) Spread = 237mm

(c) w/c 0.60

(f) Spread = 184mm

(e) w/c 0.48

(h) Spread = 234mm

(g) w/c 0.54

LC3 LFC

Fig. 2 Images before and after the flow table test for mortars without superplasticizer made with
0.48 w/c ratio and the water needed to achieve 240 ± 10 mm spread
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Table 3 Effect of superplasticizer on water/cement ratio for constant flow spread of 240± 10 mm
on the various cements tested

Materials Water/cement ratio (cm3/cm3) Relative water demand

noSP SP SP/noSP noSP SP

OPC 1.60 1.26 0.79 1 1

LC3 1.66 1.21 0.73 1.04 0.96

LFC 1.58 1.17 0.74 0.99 0.93

adopted, as mortars without (Fig. 2c–h) and with superplasticizer presented a better
consistency.

Formortars without superplasticizer, cement LC3 demandedmorewater (Table 3)
to achieve the 240 mm spread, followed by OPC and LFC. The higher water demand
of LC3 is related to its higher specific surface area, that imply in more water to cover
the cement particles plus the very high shape factor. Results between OPC and LFC
are similar, an outcome expected, since for LFC, the OPC was substituted by a filler
with similar particle-size distribution and surface area and was not adjusted to reduce
the packing porosity [2].

For mortars with superplasticizer, cement OPC demanded more water than the
others (Table 3), followed by LC3 and LFC. Cement with calcined clay had a great
reduction on water demand when superplasticizer was used. This can be associated
with a better dispersion of the agglomerates of kaolinite nano-plates, similar results
were also found by Abrão et al. [5] for diatomaceous earth cements. LFC cement
also had a considerable reduction on mixing water compared to noSP mortars, that is
probably connected to surface properties and the small percentage of ultrafine fillers
(filler 2). For mortars without superplasticizer, these ultrafine fillers were probably
agglomerated, negatively affecting the rheological behaviour. The superplasticizer
addition proportionated a reduction in the mixing water for all cements, with more
pronounced results for LC3 and LFC (27 and 26%) followed by OPC (21%).

3.4 Combined Water Fraction Index—Mechanical
Performance

The reactivity (combined water) and the water demand for a specific rheological
behavior directly influenced porosity and the results of compressive strength. The
combined water fraction index (cwf ) relates both parameters and has a linear cor-
relation with compressive strength (Fig. 3a) and an exponential correlation with
capillary porosity (Fig. 3b) for mortars with and without superplasticizer, at any age.
The superplasticizer reduces the mixing water increasing the binder efficiency (cwf )
of 35% (LFC) and 37% (LC3), which is the cement that benefits more from disper-
sion. Aging between 7 and 91 days also improves the cwf by 19% (OPC) and 36%
(LC3), again the best case.
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Fig. 3 a Compressive strength × cwf; b Mortar capillary porosity × cwf. Systems without super-
plasticizer are represented by empty icons. Each composition has results for 7, 28, and 91 days
(right to left)

The cwf is a practical tool to analyze and even classify cements. It ponders chem-
ical reactivity with the mixing water (or even water demand) and allows to estimate
strength for any given mixing water. Table 4 compares what will be the mechanical
performance of all cements assuming being tested by the Brazilian cement standard,
with constant w/c ratio (0.48). These values were produced by cwf equation and
the combined water of each cement measured by TG (Fig. 1), which is not signifi-
cantly affected by change in water/cement ratio, assuming amixingwater of 0.48 and
entering this values in cwf equation (Fig. 3a). This is an estimation of the strength
that neglects eventual molding defects expected due to poor workability of the 0.48
mortars (Fig. 2). Industry usually overcome workability problem of w/c 0.48 or 0.5
either by (i) applying a high-energy compaction; or (ii) adding a dispersant to achieve
a better consistency.

The adoption of the Brazilian standard 0.48 w/c ratio causes an 13–22% increase
of compressive strength in comparison for mortars with constant flow and noSP
(Table 4). LC3 and OPC surpass 52 Mpa class strength, but the LFC remains below
the minimum 32 Mpa. However, as observed in Fig. 2, w/c 0.48 produces a dry
mortar and user will act to correct. A non-qualified user probably will increase water

Table 4 Comparison of the effect of mixing water for molding of Brazilian standard 0.48 versus
240 mm spread on 28 days compressive strength

Materials Mixing water for molding (g/g) 28 days compressive strength
(MPa)

Effect of mixing
water on strength

Brazilian
standard

Constant workability Brazilian
standard

Constant
workability

noSP noSP SP 0.48 noSP SP noSP/0.48 SP/0.48

OPC 0.48 0.53 0.41 64.5 55.8 75.7 0.87 1.17

LC3 0.48 0.60 0.44 55.4 43.4 62.7 0.78 1.13

LFC 0.48 0.54 0.40 31.3 25.3 41.6 0.81 1.33
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to reach suitable consistency. Therefore, the later value more representative of the in-
field bagged cement performance.Without superplasticizer, but constant workability,
the filler formulation still can be competitive in the mortar market, meanwhile the
LC3 and OPC result in strength above 40 and 50 Mpa, respectively.

Reaching desirable workability by dispersant admixture and adjusting water is
another feasible option. This is typical of professional concrete use (ready-mix con-
crete, precast…) but it is also possible to be part of a commercial Portland cement
formulation since EN 197 allows add organic admixtures. In this case, the compres-
sive strength increases between 13% for LC3 to 33% for LFC if compared with the
fixed w/c 0.48 of the current standard. In this case, LFC almost reaches the 42 Mpa
strength class, even with the binder diluted by 50% of limestone filler, without sig-
nificant packing improvement or dilution compensation by finer grinding of clinker.
The other two surpasses the 60 Mpa, a strength class above EN 197 limits.

3.5 Carbon and Binder Intensity Indicators

Figure 4a presents the results of binder intensity for modeled concretes at 28 days,
with constant flowability. LFC presented the best result, staying below benchmark
for the 250 kg of binder per m3 of concrete, which is the best scenario with current
technology [8]. All concretes from the various cements (LFC, LC3 and OPC) pre-
sented about the same range of binder intensity when mixed with superplasticizer.
But since they have distinct strength classes, LC3 and OPC formulations will remain

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80

C
I 30

0
(k

gC
O

2.m
-3

.M
Pa

-1
)

Compressive strength (MPa)

International Brazilian OPC noSP LC3 noSP LFC noSP OPCsp LC3sp LFCsp
(a) (b)

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80

B
I 30

0
(k

g.
m

-3
.M

Pa
-1

)

Compressive strength (MPa)

best practice scenario

Fig. 4 a Binder intensity × compressive strength; b Carbon intensity × compressive strength of
modeled concretes with 300 dm3 of paste. Empty icons are without superplasticizer. Gray line
represents concretes in the best practice scenario (250), 500 and 1000 kg of binder or CO2 emitted
per m3 of concrete. The international and Brazilian data in the background were obtained by [8]
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close but above the best practice scenario. Data show that for a 30 Mpa concrete,
it is better to dilute OPC with limestone filler than increasing the amount of water
in OPC, the traditional solution. Similarly, to produce a concrete with 50 Mpa, it is
better to replace OPC with calcined clay and filler.

Figure 4b shows the results of carbon intensity. Concretes with LFC and
LC3 stayed on the line of 350 kg CO2 m−3 of concrete and OPC on the line of
550 kg CO2 m−3. Carbon intensities of concretes with LFCsp were drastically
improved compared to LFC despite the material not being optimized for packing
with mobility. For modeled concretes with 20–30 Mpa, the best results were found
to LFCsp and LC3 noSP, concretes of 50Mpa to LC3-SP and concretewith 60Mpa to
OPC-SP. Reducing the mixing water through the addition of superplasticizer reduces
bi and ci indicators of all materials with greater improvements to LC3 and LFC. For
this reason, superplasticizers are an important tool on environmental impact reduction
in concrete production.

Emissions associated with the production of cements were lower for cement
LFC (448 kg CO2/t cement), followed by LC3 (528 kg CO2/t cement) and OPC
(814 kg CO2/t cement). However, in our analyses, there is no correlation between
the CO2 footprint of cements cradle-to-gate and the carbon intensity indicator. The
environmental impact of cement in use does not depend only on the CO2 emissions in
cement production, but also related to the binder efficiency (cwf ), which influences
cement demand needed to reach the desired mechanical strength.

4 Conclusions

Substituting OPC by calcined clay and filler (LC3) caused a higher demand of super-
plasticizer to obtain the saturation content, opposite results were found when OPC
was substitute only by filler. In terms of reactivity, cements LC3 and LFC pre-
sented better results of relative combined (in function of clinker content) water at
91 days compared to OPC. The water demanded for mortars without superplasticizer
to achieve constant workability was higher for LC3 and similar for LFC compared to
OPC. However, when superplasticizer was used, cements LC3 and LFC demanded
less water than OPC. The cwf seems to be a better tool to classify cements com-
pared to nowadays standards, because it considers the water demand. The replace
of OPC by calcined clay and filler (LC3) would provide cements in the classes of
30–50 MPa depending on the use of superplasticizer. On the other hand, cements
with just limestone filler (LFC) would be classified as 20–30 MPa. The choice of
a blended cement by its ecoefficiency (cwf, binder and carbon intensities) must be
made aware of the performance required in the technological application. In all cases,
the use of superplasticizer increased the blended cements ecoefficiency.
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Study of Concrete Made of Limestone
Calcined Clay Cements (LC3)

François Avet and Karen Scrivener

Abstract This study investigates the feasibility of using LC3 concrete, in compar-
ison with more conventional cements. LC3 provides better performance than slag
concrete. Similar properties to plain cement concrete are obtained. LC3 even permits
to catch silica fume concrete in terms of durability properties.

Keywords LC3 · Concrete · Rheology · Strength · Sustainability

1 Introduction

Among the alternatives to reduce the emissions related to construction materials, the
reduction of the clinker content in cement is successful and efficient [1]. Among
the supplementary cementitious materials (SCMs), calcined clay and limestone are
the only widely available solutions to continue decreasing the clinker factor [2, 3].
Limestone calcined clay cements (LC3) combine these two SCMs. In LC3, clays with
only 40% of kaolinite are sufficient to reach similar strength to reference cement [4],
while providing better resistance to chloride ingress and alkali–silica reaction [5, 6].
Low-grade limestone improper for clinkerization can also be used as SCMs in LC3

[7]. Only few studies showed the performance of LC3 concrete [8]. In this work,
the robustness of LC3 concrete is investigated and compared with plain cement and
binders containing slag or silica fume. Fresh and mechanical properties are assessed,
as well as the CO2 footprint.

2 Materials and Methods

The LC3-50 binder consists of 50% clinker, 30% calcined clay, 15% limestone and
5% gypsum. The calcined clay contains 40% of calcined kaolinite, with quartz and
anatase as main secondary phases. The clay was calcined using rotary kiln. LC3 was
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Table 1 Physical and chemical characteristics of cement and SCMs

Cement Silica fume Slag Calcined clay Limestone

Dv,50 (µm) 10.7 0.2 19.5 8.4 7.2

BET specific surface
(m2 g−1)

– 21.4 1.2 8.2 1.8

XRF composition (wt%)

SiO2 20.0 92.5 36.1 49.7 0.1

Al2O3 5.0 2.9 12.1 41.8 –

Fe2O3 2.9 0.2 0.8 2.3 –

CaO 63.4 – 42.0 0.2 55.0

MgO 1.8 – 7.1 0.1 0.2

SO3 3.2 – 1.5 – –

Na2O 0.2 0.2 0.1 0.3 0.1

K2O 0.8 0.1 0.3 0.1 –

TiO2 0.3 – 0.5 3.4 –

P2O5 0.2 0.5 – 0.1 –

MnO 0.1 – 0.2 – –

Others 0.2 2.8 – 0.1 –

LOI – 0.6 −0.7 1.9 42.6

compared with plain cement (PC), a blend with 10% of cement replacement by silica
fume (PPC10 SF) and a slag cement with a 1:1 ratio (PPC50 Slag). The physical and
chemical characteristics of the cement, silica fume, slag, calcined clay and limestone
are shown in Table 1.

The binder content was 375 kg m−3, with water to binder ratio of 0.43. A PCE
plasticizer (commercial PCE adapted for plain cement) was used to reach the same
workability for all the systems. Compressive strength was measured at 2, 7 and
28 days. Life cycle analysis was also carried out on different systems.

3 Results

The amount of superplasticizer required to reach a slump of 4 cm is shown in Fig. 1.
As expected, the demand for superplasticizer is lower for plain cement and slag
compared with LC3. However, LC3 concrete requires less superplasticizer than silica
fume, despite the much higher clinker substitution level used in LC3.

The compressive strength values of the different concretes are shown in Fig. 2. For
all ages, LC3 reaches higher strength than slag concrete. Compared with PC, similar
strengths are obtained for all ages. Finally, LC3 even catches silica fume concrete at
7 days of hydration.
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Fig. 1 Amount of
superplasticizer for PC,
PPC10 SF, PPC50 Slag and
LC3-50

Fig. 2 Compressive strength
for PC, PPC10 SF, PPC50
Slag and LC3-50 at 2, 7 and
28 days

Concerning the CO2 footprint related to the production of the different concretes,
the emissions of the binders were obtained from [9]. The CO2 emissions were
calculated on a ground to gate approach, considering all the parameters involved
from the extraction of the raw materials to the concrete mixing plant. To be con-
sistent between the systems, the CO2 emissions calculated are corrected based on
the strength obtained at 28 days of hydration for the different systems. The CO2

emissions are shown in Fig. 3. The lowest emissions are obtained for LC3 blend.
Despite lower absolute emission, the slag concrete suffers from lower strength com-
pared with LC3. The emissions are higher for the silica fume concrete. The higher
strength obtained for the silica fume concrete compared with LC3 is compensated
by its much higher clinker content. Finally, the PC reference shows the highest level
of emissions.
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Fig. 3 CO2 emissions
normalized per MPa for PC,
PPC10 SF, PPC50 Slag and
LC3-50 at 28 days of
hydration

4 Conclusion

Excellent properties were obtained using LC3-50 concrete. Compared with PC, LC3

permits to get similar performance while improving sustainability. LC3 requires less
superplasticizer than silica fume, for comparable mechanical performance and a
better environmental footprint. LC3 also permits to get better performance than slag
concrete.
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Impacts Assessment of Local
and Industrial LC3 in Cuban Context:
Challenges and Opportunities

Sofía Sánchez-Berriel, Yudiesky Cancio-Díaz,
Inocencio R. Sánchez-Machado, José Fernando Martirena-Hernández,
Elena R. Rosa-Domínguez and Guillaume Habert

Abstract Themain goal of the paper is to compare the economic and environmental
impacts of local production of low carbon cement based on a newmineral addition of
calcined clay and limestone (LC2) versus industrial production of low carbon cement
(LC3), considering particularities of Cuban context. First, a technical comparison is
carried out comparing also with traditional OPC and PPC and considering standards
applied in the island. Secondly, an economic assessment of production and investment
costs is carried out using life cycle costing (LCC) technique. Afterwards, to assess
environmental impacts a simplified life cycle assessment is performed to compare
both cements, OPC and PPC. Cement based on LC2 reports economic advantages in
comparison with the other cements: industrial LC3, OPC and PPC. Environmental
results showa similar behaviour for local and industrial LC3but a significant decrease
of emissions and energy demand versus OPC and PPC. Technical comparison shows
that local LC3 results are variable but complies with the standard for its use in
mortars and non-structural applications. Finally, results show that LC3 introduction is
a feasible option to reduce impacts of the cement industry in Cuba, and a combination
of its local and industrial production is the best alternative to achieve sustainability
goals in the short and mid-terms. Main opportunities of local LC3 are the reduction
of costs, the easier storage, the use of local materials, amongst other. Main challenge
is related to a correct use of the mineral addition in localities.

Keywords Low carbon cement ·Mineral addition of calcined clay and limestone ·
Impacts assessment
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1 Introduction

Research associated with constructionmaterials and its roll in sustainability is highly
important in modern times [1, 2]. Production of cement, main component of several
constructionmaterials, is consideredoneof the higher industrial sectors that generates
greenhouse gas emissions [3]. At the same time, cement and its derived are products
with high cost of elaboration which need to be improved towards less economic and
environmental cost [4].

Low carbon cement (LC3) is a cement with high clinker substitution level with
addition of 30% of calcined clay and 15% of limestone [5]. The new product has
emerged as result of the innovative work of a multidisciplinary team with specialists
from Switzerland, India and Cuba, as part of an international project (LC3). So far,
technical, economic and environmental feasibility of industrial LC3 is been proven
[6–9], but a new possibility as arisen: to produce LC3 locally. No matter if it is
produced locally or industrially, LC3 advantages are strongly related to better use of
existing capacities, reduction of energy consumption, capital and productive costs
and emissions.

On 2018, an industrial trial was carried out in Siguaney cement factory, located
in the centre of the island, to produce LC2. Previous industrial trials have been done
to produce low carbon cement (LC3) in the same factory [10] showing satisfactory
results that support first laboratory findings of LC3 [11]. The goal of this paper
is to compare the economic and environmental impacts of local production of low
carbon cement based on a newmineral addition of calcined clay and limestone (LC2)
versus industrial production of low carbon cement (LC3), PPC andOPC; considering
particularities of Cuban context.

2 Materials and Methodology

2.1 Low Carbon Cement (LC3) and the Mineral Addition LC2

Low carbon cement is a new cement based on a combination of calcine clay and
limestone that permit to reduce clinker ratio to 50% (i.e. LC3: 50). Furthermore, a
family of low carbon cements can be produced varying the percentage of substitution.

In Cuba, the Centre for Research and Development of Structures and Materials
explores the feasibility of produce and use a new mineral addition based on calcined
clay and limestone in 2:1 proportion called LC2. This mineral addition could be used
to fabricate a large amount of low carbon cement-based products locally. Optimized
mix design proposes the addition of 50% of LC2 to be mixed with 50% of OPC. First
impact of this addition is the extension of productive capacities that could allow to
satisfy a higher percentage of the local demand.

The production of both products is strongly related since LC2 can be considered
as an intermediate product in LC3 production. Productive process begins with raw
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Fig. 1 Chemical composition of LC2 versus LC3: 50. Source [12]

materials extraction in the quarry. Afterwards these materials are transported to the
factory to be calcined resulting in thermally activated clay and clinker (when produc-
ing LC3 industrially). The process ends with a grinding and mixing step followed by
delivery in bags or in bulk. Figure 1 shows LC2 and LC3: 50 composition showing
their technical relationship.

2.2 Impacts Assessment, Goal and Scope

The impacts assessment is performed through a life cycle assessment completed in
harmonywith ISO 14044:2006 [13]. This study focusses on the production and trans-
port of the cement components. The analysis ends at an intermediate stage (cradle to
gate) as shown in Fig. 2. Transport of final product to site has been excluded in the
analysis since there are a vast variety of options for its destination. The functional
unit used in the study is 1 ton of cement.

Life cycle inventory for productive process of the cements OPC, PPC and
LC3_industrial is taken from [14]. Production of LC3_local combines data form
OPC and LC2 production which is carried out in Siguaney cement factory following
the next phases:
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Fig. 2 System boundaries of impacts assessment performed

Extraction of clay. Previous analysis made to the quarry certifies that the kaolinite
clay present has the needed quality to be reactive after calcination. Also a measure-
ment of the reserves concluded there are enough resources to guarantee more than
35 years of production.

Transport to factory and homogenization. The quarry is located 60 km from the
factory. Transport process was done with trucks of the cement factory. Due to the
existence of different technological types of clay, a homogenization process was
required before calcination. This process was performed in the factory using a frontal
charger in the clay storage place of the factory.

Calcination of clay. This process was carried out in a wet process rotary clinker
kiln. Thus, the material was first converted into paste and then calcined. Estimated
consumption of energy reports a reduction of 40% respect to clinkerization process.

Grinding and blendingwith gypsum and limestone. During grinding process lime-
stone and gypsum are incorporated to the mix. A closed circuit mill with high effi-
ciency was used. Estimated energy consumption is around 45 Kwh per ton of LC2.
It is assumed that 100% of the material is delivered in bulk.

Calculations are performed using the software Simapro vs- 8.0.3.14 and the Win-
dows tool Microsoft Excel 2013. The environmental indicator category considered
was global warming potential over 100 years (GWP100) [15]. This category mea-
sures emissions over a 100-year time period of any greenhouse gas, using CO2 as
an equivalence measure. For economic impact assessment, a life cycle costing tech-
nique is employed. Finally, a combined analysis is made through an eco-efficiency
dispersion chart that allows to compare both dimensions.
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3 Results and Discussion

Breakdown of life cycle costs from cradle to gate shows that low carbon cement,
local and industrial, presents lower impact over economy and environment if they
are comparedwithOPC and PPC. Figure 3 details costs composition of calcined clay.
Main impacts are related to energy consumption for calcination, amortization and
raw materials extraction and transport. High amortization costs are related to factory
conditions where decapitalization process is high. LC2 cost reports a reduction of
50% when compared with OPC, product that could be substituted by this mineral
addition.

Global warming potential results show higher impact related to OPC and PPC,
as shown in Fig. 4. The higher the clinker ratio, the higher the costs and emis-
sions. Comparison between local and industrial LC3 shows similar results with small
reduction when industrial production is performed. This could be related with scale
economies resulting from industrial production and extra transport involved to obtain
LC3 locally. When LC3 is industrial, usually all raw materials are close to factory
but LC3 local has transport costs for OPC and LC2 and all their constituents. This
issue should be further studied.

LC2 is also presented in Fig. 4 showing an opposite location in comparison with
OPC. OPC is located in the less eco-efficient quadrant of the figure and LC2 in the
most sustainable one.

Fig. 3 Life cycle costing of calcined clay in Siguaney. Costs in USD
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Fig. 4 Environmental versus economic impact. OPC, PPC, LC3 industrial and local

Despite of the minor differences in results between local and industrial LC3, it has
been proven the feasibility of this type of cement in comparison with other traditional
cements produced in Cuba.

Local production of LC3, through LC2, will allow to extend the use of available
OPC, to adapt to construction needs and change mix-design accordingly reaching
different clinker ratios depending on destination (e.g. mortars, concrete, blocks). No
investment is needed in short term, but an investment should be considered to import
an industrial rotary clay calciner in order to increase efficiency.

Another advantage is that LC2 can be stored for long periods and can survive to
wet conditions with a drying process to revert humidity. As a strategy, this product
could be produced in campaigns and stored. Its possible distribution and use need to
be established.

However, a proper communication strategy should be designed once this product
is approved to clarify its properties and ways of use. One big threat is the uncertainty
on the correct mix-design; everywhere this product could be applied despite the fact
of correct instructions available.

4 Conclusions

The assessment of environmental and economic impacts of LC3 production both
locally and industrially shows that this cement reduces the production cost and carbon
emissions in comparison with traditional OPC and PPC made in Cuba. Industrial
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manufacture of LC3 increases efficiency in a small amount with respect to local
production.

Local production is more viable in Cuban present conditions to introduce low
carbon cement but the process has to be organized and well controlled. Industrial
production could be considered in a mid-term period.

Existing technology accomplishes the needs to produce calcined clay but some
efficiency reserves exists. To improve, efficiency investment is needed.

Results could be used to support communication strategies on this new product
oriented to different stakeholders.
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Service Life Modeling in Propagation
Phase of Corrosion in Concrete Due
to Carbonation

Yogendra Singh Patel, Lav Singh and Shashank Bishnoi

Abstract In this paper, a model is presented, which can predict propagation time
due to carbonation-induced corrosion. This model is developed using existing mod-
els in the literature. Corrosion rate determination is a crucial step in modeling the
propagation phase. An assembled model of corrosion rate is presented, which takes
into account w/c ratio, relative humidity, temperature, pH, and cement-type effects
into it. Corrosion rate model also considers effects coming due to the accumulation
of rust products so as these products keep piling, corrosion rate reduces with time.
This corrosion rate model shows good agreement with the experimental data, which
is available for different scenarios in the literature for the OPC. From this corrosion
rate model, a propagation time model is being developed using Faraday’s law and
critical mass for cracking model. The propagation time for the LC3-added cement
concrete is calculated.

Keywords Corrosion rate model · Propagation time · Carbonation-induced
corrosion · LC3

1 Introduction

In the carbonation, calcium hydroxide reacts with acid formed by carbon dioxide
and forms calcium carbonate. Due to the consumption of alkalinity in reaction pH
drops, this destabilizes the passivating film around the steel and active corrosion of
the steel starts in the presence of oxygen and water. Corrosion is the electrochemical
reaction in which one half of the reaction is oxidation in which iron dissolves and
produces electrons; which are consumed by other half-cell reduction processes, in
which oxygen and water combine to give hydroxyl ion. Service life due to corrosion
can be divided into two phases: One is initiation, and the other is propagation phase.
In this paper, propagation time is calculated by using a developed corrosion rate
model. The mass loss of the steel is also taken into consideration in the corrosion
rate model. The progress of rate of corrosion is simulated similar to the process of
cracking in the concrete for carbonation-induced corrosion.
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1.1 Summary of Some Existing Models

Different models for propagation are available. Some of the available models are
Bazant’s model [1], model by Liu [2], etc. After studying these models, it is clear
that modeling of the corrosion rate is vital for the determination of propagation
time. The corrosion rate is explored by many researchers. Alonso gave a relationship
between the corrosion rate and resistance of the several cement types in carbonated
concrete [3]. Li provided a model for the corrosion rate for the carbonation, which
uses the basic formula of current density, and then, othermodels used to give reference
potential gradient and resistivity of concrete [4].

2 Development of Corrosion Current Model

Current in general sense is voltage upon resistivity. Modifying this basic formula
according to the impact of different parameters on voltage and resistivity, the final
model for corrosion current is assembled. Different componentswhich are assembled
are as follows.

2.1 Assembly of the Model

Effect of the temperature and the time is taken directly on the corrosion current. Influ-
ence factor for water-to-cement ratio, relative humidity, and cement type is included,
which are shown in Table 1 and multiplied to reference resistivity of concrete to
obtain resistivity at different input factors. As corrosion continues, corrosion prod-
ucts form and deposit near the reinforcing bar with time; these products hinder the
movement of the iron ions, so the mass of the rust is included in corrosion rate. Mloss

is mass loss of the iron which can be converted to mass of rust by dividing by alpha
(α). The final corrosion rate model which comes after the assembly is:

icorr(t) =
{

V0KpH

ρ0Kcem Kw/cKRH
e
bi,corr

(
1
T − 1

T0

)}
− 0.044Mloss (1)

where V0KpH combined is the potential in the carbonated concrete which is taken
as 1 V/m, e = ρ0250 �m, resistivity of carbonated concrete, bi,corr = −2283 K, T
= temperature at which corrosion rate is unknown; T 0 = reference temperature =
293 K; t is the time in years.
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Table 1 All the influence factors and models used in the developed model

Influencing parameter Models or influence
factors used in the
developed model

Remarks References

Temperature Arrhenius equation Impact of temperature is
positive on the corrosion rate

[5]

Time Corrosionrate =
I0 ∗ e−0.2026t

where I0 is corrosion
rate at initiation of
propagation phase

Data of corrosion rate from
3LP device from the Liu and
Weyers are taken for 0%
chloride addition in the
samples and regression
analysis is performed

[6]

Relative humidity Influence factor KRH
taken from [7]

Resistance control
mechanism

[7]

w/c ratio Influence factor Kw/c
taken from [7]

Reducing the
water-to-cement ratio
reduces the permeability of
the concrete, which increases
the resistivity of the concrete

[7]

Cement type Influence factor Kcem
is derived from [8]

Influence factor for LC3-15
is 1.4 and for LC3-30 is 2.48

[8]

pH Nernst equation is used
for developing
influence factor KpH
for pH

KpH = 1.3165−0.03957pH
Reference pH = 8

[1, 9]

3 Propagation Model

Time from initiation till cracking was mathematically calculated by Bazant [1]. This
work was extended by Liu [2] by considering porous zone, which is part around
the reinforcing bar where corrosion products deposit; after filling this part, products
exert pressure on the concrete. This model is used in this paper for calculating critical
weight of rust (W crit). Mass loss of steel (M loss) is calculated using Faraday’s law
of electrolysis. First law of Faraday states that the mass which will deposit due to
passing of charge is proportional to the amount of charge passed. α is the ratio of
steel molecular weight and corrosion products. Multiplying α with critical mass of
rust will give the steel loss required to generate cracking. α = 0.57.

Mloss = Wcrit α (2)
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Fig. 1 Different phases of
corrosion rate and
propagation time for OPC
and LC3
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4 Results and Discussions from the Proposed Model

There are three phases of the corrosion rate in the execution of the model based on
the cracking process. These three phases contribute to free expansion; stress build-
up phase in which corrosion rate reduces due to corrosion products accumulation
and the third phase is after cracking phase in which resistivity reduces substantially
which increases the rate of corrosion suddenly. Figure 1 shows the change in the rate
of corrosion with time for OPC and LC3. Input parameters are diameter of bar =
16 mm, RH = 60%, pH = 8, cover (C) = 30 mm, T = 300 K, and w/c = 0.6.

The propagation time for the OPC is 4.6 years and for LC3 is 19.9 years for the
taken input parameters. Adding limestone increases the resistivity of the concrete,
which causes a decrease in the corrosion rate. This results in the longer propagation
time for the limestone calcined clay cement concrete.

5 Conclusions

• A model is developed by assembling the compatible models, which gives the
propagation time for the corrosion in the carbonated concrete. Adding limestone
calcined clay increases the resistivity of the concrete, which lowers the corrosion
rate resulting in longer propagation time.
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Life Cycle Assessment of LC3:
Parameters and Prognoses

Ravindra Gettu and Anusha S. Basavaraj

Abstract Life cycle assessment (LCA) has been conducted to obtain the potential
reduction in the environmental impact due to the production of limestone calcined
clay cement (LC3), with respect to ordinary portland cement (OPC) and fly ash-based
portland pozzolana cement (PPC). A case study of a typical cement plant in South
India is considered. It is found, for this particular case and the assumptions made,
that the CO2 emissions and the energy demand could decrease by 34% and 18%,
respectively, if LC3 is used instead of OPC, with the corresponding reductions being
26% and 21% for PPC. A parametric study of some key factors that could influence
the impact of LC3 showed that the CO2 emissions and the energy demand could vary
by 13% and 20%, respectively, with variations in the calcination energy requirement
while the clay transportation distance did not have any significant influence.

Keywords Life cycle assessment · Cement · OPC · PPC · LC3 · Energy · Carbon
footprint · Embodied energy

1 Introduction

Cement for concrete, one of the widely used materials in construction, accounts for
about 5–8% of the man-made CO2 emissions [1], and consequently, any reduction
in the emissions would make a significant impact on global warming. It is evident
that the use of blended binders with low portland cement clinker content can reduce
the carbon footprint of concrete dramatically, with viable options including the now-
common secondary cementitious materials (SCMs) such as slag and fly ash [1, 2].
Limestone calcined clay has been promoted as a promising clinker substitute [3], and
considerable research and development effort have been dedicated to demonstrate its
technical feasibility and advantages. One of the regions with kaolinitic clay reserves
as well as a growing demand for cement is India, and consequently, there is a need
to perform studies to rationally assess the potential reduction in CO2 emissions
and energy requirement or embodied energy for cement production with the use
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of limestone calcined clay cement (LC3). The present work considers the Indian
scenario, with primary data being collected at a typical cement plant, and presents
the impact assessment LC3, along with the more conventional ordinary portland
cement (OPC) and fly ash-based portland pozzolana cement (PPC). The parameters
that could influence the assessment significantly when LC3 production becomes
prevalent are also discussed.

2 Life Cycle Assessment (LCA)

LCA is a widely-applied technique for analyzing the environmental impacts associ-
atedwith a product or process [4, 5]. In the presentwork, the sustainability assessment
employs this technique in four steps [6–8]: (i) definition of scope and system bound-
aries, (ii) collection of the inventory of rawmaterials, fuels, and electricity consumed,
(iii) assessment of the impact in terms of CO2 emissions and energy demand, and (iv)
comparison of the impacts of different materials. The system boundary considered
is cradle to gate or ground/mine to gate, i.e., all processes from the extraction of
raw materials (limestone and fuels), production of electricity, transportation of fuels
and raw materials and actual production processes are included. For transportation,
the diesel consumed, road construction, truck manufacturing, repair of roads, etc.,
are considered. The primary data referred to here pertains to an integrated cement
plant at Nandyal, in South India, and secondary sources of data are EPA [9], IPCC
[10], and the ecoinvent database [11]. Suitable conversion factors are also taken from
databases to relate to the actual case. All the cements are assumed to bemanufactured
in a cement plant having double-string six-stage pre-heater with pre-calciner. The
main raw material used in manufacturing clinker is limestone, which is extracted
from a quarry about 10 kms away. Other materials such as slag, flue dust, red mud,
and laterite, which are waste materials form other industries are also used in the pro-
duction of the clinker. Coal and petcoke along with alternate fuels, such as carbon
black and pharmaceutical waste, are used as fuel in clinker production. Electricity is
always supplied by the grid.

2.1 LCA of Clinker

Based on the amount of input materials, fuel, electricity, transportation distances for
the materials, and infrastructure used per tonne of clinker, the total CO2 emissions
and energy consumed are calculated using the LCA framework. It is found that, in
this case, the total CO2 emission is 910 kg CO2-eq. and energy consumed is 5300MJ
per tonne of clinker. Note that the energy consumed and CO2 emissions can vary with
type and amount of fuel used, type of raw material, amount of electricity, distance
of transportation of fuels, and raw materials.
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Table 1 LCA results of different cements considered in the study

Impact OPC PPC LC3

Carbon footprint (kg CO2 eq./tonne of cement) 930 690 610

Energy demand (MJ/tonne of cement) 5945 4690 4850

2.2 LCA of the Different Cements

Based on the actual production data, the assessment was done for OPC (95% clinker
and 5% gypsum), along with the hypothetical production of PPC (65% clinker, 30%
fly ash, and 5% gypsum), and LC3 (50% clinker, 30% calcined clay, 15% limestone,
and 5% gypsum) at the same plant. The clinkerization, burning of fuel, electricity
for grinding, blending and packing, and transportation of rawmaterials are the major
processes that influence the results of the LCA of cement. Natural gypsum and
phosphogypsum are used in equal proportions for the cement production. Class F fly
ash is assumed to be brought from Vijayawada (325 km) and clay is assumed to be
brought fromDharmapuri toNandyal (540 km) by truck. Fly ash and phosphogypsum
are considered to be waste and, therefore, no impact is assigned to them other than
their transportation.

For the calcination of clay in the production of LC3, the energy consumed was
taken to be 2.6 MJ/kg of clay based on the theoretical calculations done with the
energy valued obtained by thermo gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) analysis.DSCvalueswere obtained for different clays having
kaolinite contents of about 30 to 90%, and a 13% mass loss was considered along
with 30% losses of energy in the kiln. It is further assumed that the same fuel type
used for the clinkerization is used for the clay calcination.

The values consequently obtained from the LCA are given in Table 1, where it can
be seen that the impacts of OPC are much higher than that of the blended cements.
LC3 has the least CO2 emissions, even lower than PPC due to the higher replacement
level of clinker. The main reason for the lower energy consumption for PPC is the
additional energy required for clay calcination and the proximity of the fly ash source.

2.3 Parameters Influencing the LCA of LC3

2.3.1 Clay Calcination Energy

Clay becomes reactive after calcining it to a temperature of about 700 °C, and con-
sequently, the energy-intensive process of calcination affects the LCA results signif-
icantly. Therefore, any change in the calcination energy demand and the type of fuel
used will affect the total emissions, as well the energy demand of the cement.

As mentioned earlier, the energy requirement for the clay calcination was taken as
2.6 MJ/kg. However, from the analysis of a wide range of clays from various parts of
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Table 2 Impact of LC3 with
varying clay calcination
energy requirement (per
tonne of LC3)

Calcination energy
(MJ/kg)

Emissions (kg
CO2-eq)

Energy demand
(MJ)

1 560 4280

2.6 610 4850

3.5 640 5220

Table 3 Impact of LC3 with
varying clay transportation
distance (per tonne of LC3)

Transportation
distance (km)

Emissions (kg
CO2-eq.)

Energy demand
(MJ)

10 590 4580

540 610 4850

1000 620 5080

India, it was seen that the energy requirement in some cases could be as low 1MJ/kg
or rarely as high as 3.5MJ/kg. The influence of this parameter is presented in Table 2,
where it is seen that the CO2 emissions can decrease by 8% if the calcination energy
requirement goes down from 2.6 to 1.0 1 MJ/kg, whereas it can go up by 5% if the
calcination energy is 3.5 MJ/kg. Similarly, the energy demand can go down by about
12% or go up by about 8% if the extreme cases occur.

2.3.2 Transportation Distance of Clay

In the results given in Sect. 2.2, it was assumed that the clay was brought from
Dharmapuri, and calcined at the plant in Nandyal (540 km away). To study the
influence of the transportation distance on the impacts of LC3, the calculations have
been done assuming the cement plant to be located near the clay mines, say 10 km
away (as is usually the case with the limestone mines) and a distance of 1000 km
away. The results given in Table 3 show that the variation in the CO2 emissions is
small, going down by 3% or up by 2%.

3 Conclusions

The life cycle assessment framework has been followed to estimate the environmental
impacts, i.e., CO2 emissions and energy demand, of cement manufacturing in order
to compare limestone calcined clay cement (LC3) with ordinary portland cement
(OPC) and portland pozzolana cement (PPC). For the case study and the assumptions
considered, it is clearly seen that both the blended cements have much lower CO2

emissions than OPC, with LC3 giving the best prognosis. The energy demand of
LC3 is also significantly lower than that of OPC though not lower than that of
PPC due to clay calcination requirement. Parametric studies also show that the CO2
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emissions and the energy demand of LC3 could vary by 13 and 20%, respectively,
depending on the clay calcination energy requirement, whereas the influence of the
clay transportation distance is not significant.
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Effect of Temperature on the Hydration
of White Portland Cement–Metakaolin
Blends Studied by 29Si and 27Al MAS
NMR

Zhuo Dai and Jørgen Skibsted

Abstract Metakaolin can be considered as a model compound for an
aluminosilicate-rich supplementary cementitiousmaterial (SCM) because of its com-
position and highly pozzolanic properties. This work presents a systematic investi-
gation of the hydration of white Portland cement (wPc)–metakaolin (MK) blends
cured at different temperatures by 29Si and 27Al MAS NMR with the main focus on
the structure and composition of the C-(A)-S-H phase. White Portland cement–MK
paste samples with wPc replacement levels of 0, 10, 20, and 30 wt% have been pre-
pared and hydrated for 1–8 weeks at five different temperatures (5, 20, 40, 60, and
80 °C). Information on the degree of reaction for alite, belite, and MK is derived
from the 29Si NMR spectra and shows that the hydration of the wPc–MK blends is
accelerated with increasing temperature except for the blend with the highest MK
level (30 wt%). The AlIV/Si ratio of the C-(A)-S-H phase is found to be independent
on the hydration time but increases slightly with curing temperature. On the other
hand, a significant increase in the average aluminosilicate chain lengths is observed
for blends with increasing temperature, reflecting a decrease in the Ca/Si ratio for
the C-(A)-S-H phase. Strätlingite is present in the wPc–MK blends at 20 °C and the
fraction of this phase decreases with increasing curing temperature.

Keywords Metakaolin · C-(A)-S-H phase · Temperature

1 Introduction

The phase assemblages of hydrated Portland cement–metakaolin (MK) blends with
different substitution levels have recently been studied in detail at ambient curing tem-
peratures (see, for example, refs [1–8]). These studies have shown that high degrees
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of MK reaction can be achieved as long as portlandite, formed by the cement hydra-
tion, has not been fully consumed by the pozzolanic reaction. Portlandite depletion
may occur at replacement levels of 15–20 wt% pure MK where higher contents of
MK will result in the formation of strätlingite along with a C-(A)-S-H phase with
a reduced Ca/Si ratio [6]. Besides thermodynamic considerations, space availabil-
ity during prolonged hydration may also have an effect, since the formation of the
C-(A)-S-H phase results in pore structure refinement that can reduce the porosity to
a critical size of pores which prevents formation of new hydration products. This
effect has been observed in limestone-calcined clay cements with 50 wt% cement
replacement, where the formation of carboaluminate hydrates was limited at a certain
age by the absence of pores above a critical size [8]. After this age, a significantly
higher amount of aluminum is incorporated in the C-(A)-S-H phase as a result of
the higher aluminum concentration in the pore solution caused by the continued MK
reaction.

The abovementioned results indicate that the composition, structure, and mor-
phology of the C-(A)-S-H phase have crucial impact on the physical properties of
blended cements including calcined clays. For this reason, it is of fundamental inter-
est to study themicrostructure of the C-(A)-S-H phase in blended cements at different
temperatures, since elevated temperatures may result in the formation of C-(A)-S-H
phases with different compositions (Ca/Si ratios), interlayer spacings, and a denser
packing. Earlier 29Si NMR studies have shown an increased polymerization of sil-
icate chains with increasing temperature [9], whereas neutron scattering data have
indicated that C-S-H pastes at 60 °C collapse into a denser material with fewer large
gel pores [10]. The apparent density of C-S-H formed in cements has been estimated
from XRD–Rietveld data and found to continuously increase with the curing tem-
perature in the range 5–60 °C [11]. This significant increase in density results in a
higher capillary porosity, which will have a negative impact on the durability and
mechanical performance of the cured materials.

This study reports a systematic study of the impact of hydration temperature
(5–80 °C) on the degrees of reaction and the C-(A)-S-H composition for binary
Portland cement blends incorporating different levels of metakaolin (0–30 wt%),
utilizing information gained from 29Si and 27Al MAS NMR spectroscopy.

2 Experimental

2.1 White Portland Cement–Metakaolin Blends

Four different white Portland cement (wPc)–metakaolin (MK) blends were prepared
with wPc substitution levels of 0, 10, 20, and 30 wt% MK. The same sources of a
commercial wPc fromAalborg Portland, Cementia Holding ApS, and kaolinite from
Imerys Performance Minerals, UK, as used in an earlier study of wPc–MK blends
[4], were employed. The wPc contains 4.1 wt% gypsum and MK was obtained by
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calcination of kaolinite at 480 °C for 20 h. The elemental compositions of the wPc
and MK are given in Ref. [4]. The paste samples used a water/solid ratio of 0.5,
distilled water, and were mixed using a motorized stirrer. The pastes were cast into
25 mL polypropylene vials, demoulded after 24 h, and subsequently cured in plastic
containers (75 mL) filled with water and stored in temperature-controlled climate
chambers. At the selected hydration times, a small fraction of the sample was ground
into a fine powder and stirred in 10 mL of isopropyl alcohol for approx. one hour.
Afterwards, the samples were filtered and dried in a desiccator over silica gel. The
cement blends were stored at 5, 20, 40, 60, and 80 °C and samples were taken after
1, 2, 4, and 8 weeks of hydration.

2.2 27Al and 29Si MAS NMR Spectroscopy

The 29Si MAS NMR spectra were obtained on a Varian INOVA-400 (9.39 T) spec-
trometer using a homebuilt CP/MAS NMR probe for 7 mm o.d. zirconia rotors, a
spinning speed of νR = 6.0 kHz, a 30-s relaxation delay and typically 2048 scans.
The 27Al MAS NMR spectra were acquired on a Varian Direct-Drive VNMR-600
spectrometer (14.1 T) using a homebuilt 4 mm CP/MAS probe, νR = 13.0 kHz,
a 2-s relaxation delay, and typically 4096 scans. Further experimental details on
the acquisition and deconvolution analysis of the experimental spectra are given in
Ref. [4].

3 Results and Discussion

3.1 Degrees of Reaction as Function of Temperature

The hydration of the silicate phases for the wPc blends with the four different MK
substitution levels has been studied by 29Si NMR at the different curing temperatures
and hydration times, as illustrated in Fig. 1 for the wPc–MK 70:30 blend. A visual
inspection of the spectra in Fig. 1 clearly reveals a low degree of belite hydration
(−71.3 ppm peak) for all temperatures at this high substitution level and also a signif-
icant incorporation of tetrahedral Al in the C-(A)-S-H structure at all temperatures, as
evidenced by theQ2(1Al) resonance at approx.−81 ppm. The individual spectra have
been deconvolved using resonances from alite, belite, MK, and the Q1, Q2(1Al) and
Q2 resonances of the C-(A)-S-H phase and the approach described earlier for similar
wPc–MK blends at ambient temperature [4]. After prolonged hydration (8 weeks),
the effect of curing temperature is smallest for alite (Fig. 2a) which shows degrees
of hydration above 80% at all temperatures for the wPc blends with 0, 10, and 20
wt% MK. However, a small decrease in alite reaction with increasing temperature
is observed for the highest substitution level. A pronounced effect of temperature is
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Fig. 1 29Si MAS NMR spectra following the hydration for the wPc–MK 70:30 blends hydrated at
different temperatures for one, four, and eight weeks. The shown spectral range does not include
the broad resonance from MK observed at approx. −90 to −110 ppm

Fig. 2 Degrees of hydration for (a) alite and (b) belite in the wPc blends hydrated for 8 weeks at
the different curing temperatures. The data results from deconvolution of the 29Si NMR spectra

observed for the belite hydration, where the pure wPc and wPc–MK 90:10 blends
show similar degrees of hydration which increases significantly with increasing tem-
perature. A similar behavior is apparent for the 80:20 blends but with lower degrees
of reaction. On contrary, only a small degree of belite reaction (~10%) is observed
for the highest substitution level with no clear temperature variation. The lower
reactivity of alite and belite at the highest substitution level may partly reflect an
undersulfatization of these cement blends.

The corresponding degrees of MK reaction after one and 8 weeks of hydration
(Fig. 3) range from 70–100% after 8 weeks of hydration for curing temperatures
of 20 °C and above with a small decrease for increasing substitution levels. Also, a
pronounced difference is apparent for the samples cured at 5 °C.



Effect of Temperature on the Hydration of White Portland Cement–Metakaolin … 287

Fig. 3 Degrees of metakaolin reaction in the wPc blends hydrated for (a) one and (b) 8 weeks at
the different curing temperatures. The data results from deconvolution of the 29Si NMR spectra

The results show that after prolonged hydration, higher curing temperatures
increase the degree of belite hydration at low substitution levels (10 wt% MK),
which is ascribed to a temperature effect on the belite hydration kinetics. On the
other hand, the lower degrees of belite reaction at higher MK levels may reflect a
higher dissolution rate for MK as compared to belite, resulting in a consumption of
portlandite by MK and a higher amount of aluminum ions in the pore solution which
may slow down the silicate reaction. At the highest substitution level, the reaction of
MK may even slow down the alite reaction at high curing temperature, as seen for
the wPc–MK 70:30 blends above, indicating that MK reaction becomes increasingly
important at higher temperature, despite the dissolution rate for alite is faster than
for MK at ambient temperature [12].

3.2 The C-(A)-S-H Structure as Function of Temperature

The intensities for the Q1, Q2, and Q2(1Al) resonances of the C-(A)-S-H phase
from the deconvolutions of the 29Si NMR spectra allow calculation of the average
chain length of aluminosilicate chains (CL), the average chain length of pure silicate
tetrahedra (CLSi ), and the fraction of fourfold coordinated Al in the silicate chain
(AlIV/Si), using the well-known relations from earlier studies (c.f. Ref. [4] for further
details). Our earlier study at ambient temperature [4] has shown that CLSi increases
with increasing MK content, whereas CL values are less affected, reflecting that the
increase in CLSi is mainly caused by the uptake of fourfold coordinated aluminum in
the chains. The corresponding data for different cuing temperatures are illustrated in
Fig. 4 for the blends hydrated for one week and show that CLSi increases both with
temperature and MK content. Moreover, a slight increase in the pure chain lengths
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is also observed with temperature, demonstrating that the uptake of silicate species
also contributes to the longer average aluminosilicate chain lengths, formed with
increasing temperature. This agreeswell with the observation of only a small increase
in the AlIV/Si ratios with temperature (Fig. 5a). Furthermore, at each temperature,
the AlIV/Si ratios are found to be nearly independent of the hydration time at the
different temperatures, as illustrated in Fig. 5b for the blends hydrated at 80 °C. This
is in accordance with several earlier studies of Portland cement blends hydrated at
ambient temperature.

Consideration of all acquired data show that CLSi increases with increasing MK
content, temperature, and hydration time. After prolonged hydration, this reflects
either a decalcification of the C-(A)-S-H phase by structural rearrangements at the
atomic scale and/or the formation of secondary C-(A)-S-H gel with low Ca/Si ratio
from the beginning. The Ca/Si ratio of the C-(A)-S-H phase may be estimated from
the 29Si NMR data, as shown in Fig. 6 for the blends hydrated for one week. This

Fig. 5 AlIV/Si ratios of the C-(A)-S-H phases as a function of (a) the temperature for the blends
hydrated for one week and (b) as a function of hydration time for blends cured at 80 °C

Fig. 6 Calculated Ca/Si
ratios for the C-(A)-S-H
phase for the different
wPc–MK blends after one
week of hydration, using
data estimated from the
deconvolutions of the 29Si
NMR spectra
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graph illustrates clearly that increasing MK levels and temperature result in C-(A)-
S-H phases with lower Ca/Si ratios. More interestingly, the impact of different MK
contents levels out at higher temperature, indicating that similar structures with a
low Ca/Si ratio are reached for the C-(A)-S-H phase. This situation may reflect
that portlandite is virtually depleted in the regions of C-(A)-S-H formation and that
a continued hydration of MK (and belite) is driven by decalcification of the C-
(A)-S-H phase. Decalcification of C-S-H phases by carbonation has shown that the
basic tobermorite-like structure persists until a Ca/Si ratio of 0.67 is reached [13],
corresponding to infinite silicate chains and no interlayer Ca2+ ions, and Ca/Si =
0.67 may also be the ultimate lowest ratio that can be achieved in hydrated blended
Portland cements with high substitution levels.

3.3 Impact of Temperature on the Aluminate Phases

The 27AlMASNMR spectra of the wPc blendwith 20wt%MKhydrated for 8 weeks
(Fig. 7) show that temperature also has a significant impact on the aluminate phases

Fig. 7 27Al MAS NMR spectra of the wPc–MK 80:20 blends hydrated for 8 weeks
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present after prolonged hydration. Ettringite is only detected at 5 °C, whereas an
increasing amount ofAFmphases are observed from5 to 40 °C,which then decreases
again at higher curing temperatures. Strätlingite is clearly detected by its resonance
at 61 ppm from tetrahedral aluminum and it is only present in the samples cured at
20–60 °C. Strätlingite will form when portlandite is depleted and thus its absence at
5 °Cmay reflect the relative low degree of MK reaction at this temperature (i.e., 51%
according to 29Si NMR). The absence of strätlingite at 80 °C is not clearly understood
as this system exhibits the lowest portlandite content, as observed for the wPc–MK
80:20 samples by TGA and powder XRD. However, it may potentially reflect an
increased solubility of strätlingite at high temperatures. Finally, a clear increase in
the intensity of the 4–5 ppm resonance from octahedral aluminum associatedwith the
C-(A)-S-H phase is observed for increasing temperature, reflecting that a major part
of the aluminum released from the MK reaction is taken up by the C-(A)S-H phase.

The wPc–MK samples 80:20 have also been characterized by TGA and powder
XRD, allowing a more clear distinction of the different AFm phases that contribute
to the resonance at approx. 10 ppm. In combination, the three techniques have shown
that the main hydration products at 5 °C are ettringite, monosulphate, hemicarboate,
portlandite, and C-(A)-S-H. At intermediate temperatures (20–40 °C)monosulphate,
hemicarbonate, strätlingite, portlandite, and C-(A)-S-H are the dominating phases,
whereas the primary hydration products at high curing temperatures (60–80 °C) are
hydrogarnet and an aluminum-rich C-(A)-S-H phase.

4 Conclusions

A high degree of MK reaction has been observed at high curing temperatures, which
results in a low degree of belite reaction, as a major part of portlandite has been
consumed by MK. The average aluminosilicate chain length (CL) increases with
increasing MK content, temperature, and hydration time. The increase in CLSi with
temperature is caused both by the uptake of tetrahedral aluminumand silicate species.
The impact of MK on CL levels out with increasing temperature, resulting in C-(A)-
S-H phases with nearly the same CL value for all blends cured at 80 °C. This reflects
a decalcification of the C-(A)-S-H phase, which may drive the continued MK and
belite reaction when portlandite has been consumed.
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The Effect of Curing Temperature
on the Properties of Limestone Calcined
Clay Cement (LC3)

Wilasinee Hanpongpun and Karen Scrivener

Abstract The use of supplementary cementitious materials (SCMs) as partial
clinker substitute permits to reduce the environmental impact of cement production.
Calcined clay is one of the most attractive SCMs because it is widely available. Its
combination with limestone in limestone calcined clay cement (LC3) benefits from
the synergy effect between metakaolin and calcite. This study investigates the effect
of curing temperature between 20 °C and 30 °C on the properties of LC3. Increasing
temperature promotes the hydration of clinker and the pozzolanic reaction resulting
in a boost of strength development of LC3 at early ages. A coarser threshold pore
diameter is observed on the samples cured at 30 °C for 28 days but it does not affect
the strength of LC3.

Keywords Calcined clay · LC3 · SCMs · Curing temperature

1 Introduction

Limestone calcined clay cement (LC3) is a new type of ternary blend made of lime-
stone, calcined clay and clinker [1] and becomes very attractive for the cement
industry to reduce CO2 emissions from cement production. Although calcined clay
and limestone have been used for several decades in blended cement, the novelty of
LC3 is to exploit the synergy of the combined use of calcined clay and limestone [2].
LC3 has properties similar to or better than conventional Portland cement even using
much lower levels of clinker. However, most of the previous tests were performed at
a control temperature (20 °C) which is lower than the normal working temperature
in the tropical zone countries. For example, in Thailand, the average temperature
is around 30 °C. Therefore, the results obtained may show different effects on LC3

in these countries. Thus, the aim of this work is to investigate the impact of curing
temperature on the properties of LC3.
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2 Materials and Methods

In this work, the replacement of clinker with limestone and calcined clays from 15–
45%was studied. LC3-80(2:1), LC3-65(2:1) and LC3-50(2:1) correspond to blended
cement with approximately 80%, 65% and 50% of clinker content, 5% of gypsum
and with a replacement by calcined clay and limestone fixed ratio of 2:1 at 15%,
30% and 45%, respectively. Calcined clay used in this study contains approximately
50% of calcined kaolinite. The chemical composition of PC and calcined clay used
are shown in [3].

The blended cement pasteswere prepared usingwater to solid ratio of 0.4 andwere
cured at 20 °C and 30 °C until testing. The degree of clinker hydration was calculated
from the mass fractions of the C3S (Alite), C2S (Belite), C3A (Aluminate) and C4AF
(Ferrite) reacted. The phase quantification based on Rietveld analysis was carried
out with X’Pert HighScore Plus program using rutile powder (Kronos–2300 titanium
dioxide) as an external standard. The amount of reacted calcined clay (metakaolin) is
calculated using mass balance calculation. The steps of the calculation are explained
in [4]. The pore size distribution of cement paste samples at 28 days were measured
by using mercury intrusion porosimetry (MIP). The compressive strengths of mortar
were tested according to EN 196-1 at 1, 3, 7, 28 days.

3 Results and Discussion

3.1 Degree of Reaction

The degree of clinker hydration and the degree of metakaolin reaction are shown in
Figs. 1 and 2, respectively. The hydration degree of clinker increases with increasing
the additionofSCMsat early ages but the opposite is observed at later ages. Increasing
the temperature from20 °C to 30 °Cmeans this turnover occurs earlier. For the degree
ofmetakaolin reaction ofLC3 at 20 °C, there is no significant difference ofmetakaolin
reaction among LC3 blended cement at 3 days and 7 days but at 28 days the reaction
degree of metakaolin of LC3-50(2:1) is lower than the others. Not only the degree
of clinker hydration is promoted by elevated temperature, but also the pozzolanic
reaction. The degree of metakaolin reaction of LC3-65(2:1) and LC3-80(2:1) reaches
80% and 60% for LC3-50(2:1) at 3 days. However, it can observe the slowdown of
the degree of clinker hydration and the degree of metakaolin reaction at later age
when increased the temperature. It is possible due to the lack of space for the growth
of hydration products as it also found in the earlier work [5].
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Fig. 1 Degree of clinker
hydration of PC and LC3

systems at a 20 °C and
b 30 °C

3.2 Compressive Strength

The compressive strength of PC and LC3 cured at 20 °C and 30 °C shown in Fig. 3.
The compressive strength of LC3-80(2:1) and LC3-65(2:1) is similar to PC from
7 days onwards at 20 °C. Increasing temperature up to 30 °C improves the strength
development of PC and LC3, especially at early ages. Similar strength of LC3-80(2:1)
and LC3-65(2:1) to PC is obtained from 3 days onwards.

3.3 Porosity

Figure 4 shows the pore size distribution analyzed by MIP of PC and LC3 systems at
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Fig. 2 Degree of metakaolin
reaction of LC3 at a 20
°C and b 30 °C

20 °C and 30 °C. A coarser threshold pore diameter is observed on the samples cured
at 30 °C for 28 days, particularly, in the systems of PC and LC3-80(2:1). However,
it does slightly affect the compressive strength at 28 days because the hydration of
clinker and pozzolanic reaction are promoted since the early ages of hydration.

4 Conclusions

Increasing temperature does affect the properties of LC3. It promotes the hydration of
clinker and the pozzolanic reaction resulting in an increase of strength development
of LC3 at early ages. Curing at 30 °C permits to reach comparable strength of LC3-
80(2:1) and LC3-65(2:1) to PC from 3 days onwards. However, curing samples at
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Fig. 3 Compressive strength
of PC and LC3 systems at
a 20 °C and b 30 °C

(a)

(b)

30 °C causes a coarser threshold pore diameter but it does not harm the strength of
LC3.
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The Influence of Temperature Regime
on Performance of Low Clinker Blended
Cements

Arun C. Emmanuel , Geetika Mishra and Shashank Bishnoi

Abstract An experimental work was conducted for studying the influence of early
age curing temperature on the performance of low clinker blends. Three low clinker
blends, limestone calcined clay cement (LC3), Portland pozzolanic cement (PPC)
using fly ash, and Portland slag cement (PSC) were used in this study. The clinker
replacement level was kept at 50% by weight for all the blends. In addition to the
isothermal curing conditions at 27 and 50 °C till 28 days, samples were also exposed
to two different temperature regimes by changing the specimens from 27 to 50 °C
at the age of 1 day and 3 days. Mortar compressive strength and X-ray diffraction
were carried out at the age of 28 days. Strength and degree of hydration of clinker
phases were compared. The later age performance of low clinker blends observed
to be detrimental at a higher temperature (50 °C). It is observed that reduction in
performance is relatively higher in LC3 as compared to PSC andPPC.However,when
the time of temperature exposure delayed by 24 h, the adverse effect of temperature
on LC3 was disappeared, and the blend has shown better performance than the other
two blends.

Keywords Curing temperature · Calcined clay · Low clinker cements

1 Introduction

The production of cement is highly energy intensive emits a large amount of CO2

mainly due to the decomposition of calcium carbonate. The industry account about
7% of global CO2 emissions, and continuously looking for new technologies and
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materials which could reduce environmental pollution. However, the industry cur-
rently uses highly efficient technology for clinker production and not much scope
left to improve it [1]. The use of supplementary cementitious materials (SCM) for
replacing clinker in ordinary Portland cement (OPC) considered as the best viable
option to reduce the environmental pollution due to clinker production. The most
popular SCMs are fly ash and slag, industrial byproducts from the coal-based ther-
mal power plant and steel industry, respectively. However, the availability of these
SCMs is not sufficient to meet the forecast demand for cement for the upcoming
decades, which lead the industry to look at alternative options. The recent studies
showed that calcined clay could be a potential option, and the optimum usage of cal-
cined clay with limestone could potentially reduce the clinker factor up to 50% [2],
and this ternary blend is known as limestone calcined clay cement (LC3). Studies
showed that raw materials with impurities such as dolomitic limestone as well as
industrial waste products such as marble dust could also be used in LC3 systems [3,
4].

Curing temperature is one of the critical factorswhich determine the early and later
age performance of cement-based construction materials. In real field conditions, the
curing temperature used to differ from the normal laboratory conditions significantly.
The construction industry often uses various heat curing methods for maintaining the
project schedule. Due to global warming, the rise in atmospheric temperature is also
a concern, especially in tropical countries. During mass concreting, the temperature
of the fresh concrete often rises due to the heat generation from cement hydration.
Hence, it is imperative to understand how the temperature and time of exposure
influence the performance of cement.

In general, the increase in temperature accelerates the cement hydration and subse-
quently increases the early strength.However, it is observed that the high-temperature
curing adversely affects the later age performance [5, 6].Although the ultimate degree
of hydration (DoH) of clinker is found to be independent of curing temperature
(within 5–60 °C), the density of the main hydration product: C–S–H increases with
temperature which subsequently increases the porosity of the microstructure which
lead to reduction in strength [7, 8]. The temperature regime also has a significant
impact on the performance of the blend [9, 10].

In this study, three low clinker blends: limestone calcined clay cement (LC3),
Portland pozzolanic cement (PPC) and Portland slag cement (PSC) were prepared
in the laboratory and cured in different temperature regimes. The strength and phase
assemblages were obtained at 28 days and performance was compared.
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2 Materials and Methods

2.1 Materials

Raw materials: clinker, calcined clay, limestone, fly ash, slag and gypsum were pro-
cured and ground individually in a laboratory ball mill. The particle size distribution
of the raw materials is shown in Fig. 1. The phase composition of the raw materials
was obtained from XRD-Rietveld analysis and is shown in Table 1. The blends were
prepared by interblending the ground raw materials in a turbo blender. The compo-
sition of the blends is shown in Table 2. In order to keep the sulphate content same,
the same amount of gypsum was added for all the blends.

Fig. 1 Particle size distribution of raw materials
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Table 1 Phase composition of the raw materials from XRD-rietveld analysis

Phase Clinker FA Slag CC LS G

C3S 48.3 – – – – –

C2S 31.3 – – – – –

C3A 4.5 – – – – –

C4AF 14.8 – – – – –

Calcite – – – – 85.1 –

Hematite – 1.5 – 2.5 – –

Kaolinite – – – 4.2 – –

Mullite – 28.2 – 0.0 – –

Quartz – 15.9 0.7 17.6 7.3 –

Gypsum – – – – – 86.0

Dolomite – – – – – 14.0

Amorphous 54.7 99.4 75.7 7.6 –

FA fly ash, CC calcined clay, LS limestone, G gypsum (Unit: % weight)

Table 2 Composition of blends

Blend Raw material composition (% weight)

Clinker FA Slag CC LS G

PSC 50 – 45 – – 5

PPC 50 45 – – – 5

LC3 50 – – 30 15 5

3 Methods

3.1 Temperature Regimes

Two temperature conditions: 27 and 50 °C were considered for constructing tem-
perature regimes. The temperature regimes and respective notations are shown in
Table 3.

Table 3 Temperature regime

Temperature regime Notation

Samples cured at 50 °C till 28 days h28

Samples cured at 27 °C for one day and exposed to 50 °C till 28 days m1.h28

Samples cured at 27 °C for three days and exposed to 50 °C till 28 days m3.h28

Samples cured at 27 °C till 28 days m28
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3.2 Mortar Compressive Strength

Mortar cubes of 7.06 cm size were prepared and tested as per Bureau of Indian Stan-
dards (132). Indian standard sand [11] was used for making the mix at the sand to
cement ratio of 3 : 1. The water to cement ratio kept constant as 0.45 by weight.
The materials: blend, standard sand, and distilled water were preconditioned at the
specified temperature for 24 h before casting. The specimens were placed in an envi-
ronmental chamber immediately after casting for one day, followed by demoulding
the specimens and cured in lime saturated water in a temperature-controlled water
bath till the time of testing.

3.3 X-Ray Diffraction and Rietveld Analysis

X-ray diffraction was carried out in at stipulated ages. The paste specimens were cast
bymixingpreconditioneddryblend anddistilledwater, using a pastemixer. Thewater
to binder ratio kept as 0.45. The mix then poured into a plastic tube-like mould, and
air bubbles were removed using a vortexmixer. Themould was then sealed and cured
at temperature-controlled water baths which were set at 27 and 50 °C. One set of
samples were shifted from 27 to 50 °C after one day and 3 days. XRD scanning was
carried out in slices of 3 mm thick which were cut from the hardened cement paste
specimens using a diamond cutter. In order to avoid carbonation, XRD scanning was
carried out immediately after slicing. Scanning was done it in Bruker D8-Advance
Eco at 40 and 25mVwith Cu target. Scanning was done in 2θ configuration with Cu-
Kα source. The quantification of phases was carried out considering ASTM standard
[12] and using TOPAS v5 software from Bruker using rutile as the external standard.

3.4 Results

The compressive strength of mortar cubes was tested at 28 days and is shown in
Fig. 2. The average strength of 3 cubes was represented.

Though the strength of LC3 specimens cured at isothermal conditions at 27 °C
has shown a similar performance to that of PSC and PPC, the samples exposed to
50 °C isothermal condition observed a significant reduction in compressive strength
by 28 days. However, it is seen that a delay in exposing to a higher temperature by
one day or further could potentially improve the 28 days compressive strength of
LC3 significantly.
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Fig. 2 Influence of temperature regime on compressive strength of blends at 28 days

3.5 The Degree of Hydration (DoH) of Clinker Phases

The DoH of clinker was calculated from the DoH of individual clinker phases as per
the given equations

DoH of clinker=
∑

DoH of individual clinker phases(alite, belite, ferrite and aluminate)

= w1 − w2/w1

w1 weight of clinker phases in 100 gm of the dry blend,
w2 weight fraction of clinker phases remaining at the time of testing normalised to

100 gm of the dry blend.

The calculated DoH of clinker of the blends is shown in Fig. 3. The DoH of
individual clinker phases; alite, belite and ferrite are shown in Figs. 4, 5, and 6
respectively.

It was observed that the 28 days clinker hydration at 50 °C isothermal conditions
is lower than that cured at 50 °C isothermal condition. Irrespective of the temperature
regime, the maximum DoH of clinker in LC3 and PSC is about 70%, wherein the
case of PPC, a better DoH was observed for m3.h28 and m28 (Fig. 4, 5 and 6).
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Fig. 3 Influence of temperature regime on DoH of clinker phases

Fig. 4 Influence of temperature regime on hydration of alite at 28 days

Fig. 5 Influence of temperature regime on hydration of belite at 28 days
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Fig. 6 Influence of temperature regime on hydration of ferrite at 28 days

4 Discussions

The influence of high curing temperature and temperature regime on the performance
of low clinker blended cements with calcined clay limestone, fly ash and slag was
compared at 28 days. The major observations are discussed below.

• While the 28 days compressive strength of low clinker blended cements with
slag and fly ash have not shown a significant change between 27 and 50 °C, the
LC3 specimens have shown a lower strength at 50 °C. However, one day delay
in high-temperature exposure could potentially eliminate the adverse effect of
high-temperature curing for LC3.

• Irrespective of the temperature regime, the maximum DoH of clinker in LC3 and
PSC was about 70%, wherein PPC the DoH was about 80% for 27 °C isothermal
conditions. It is seen that the DoH is reduced for all the blends when the specimen
is exposed to 50 °C immediately after casting.

• A delay in high-temperature exposure increases the DoH of clinker about 10% for
both LC3 and PSC. No significant improvement was observed for PPC.

• While comparing the DoH of clinker phases, a visible change in DoH of alite was
observed for both LC3 and PSC, no such change was observed for PPC.

• The early high-temperature exposure significantly influences the hydration of
belite irrespective of the type of SCM. While the lower DoH of belite for 27 °C
isothermal condition for LC3 and PSC could be due to the slow rate of hydration,
a significant reduction of belite hydration was observed for PSC and PPC when
the specimen is cured at 50 °C isothermal conditions.

• The hydration of ferrite was observed to be much lower in LC3 at h28 condi-
tions. This could be due to the higher rate of aluminate dissolution from cal-
cined clay. However, the DoH of ferrite significantly improves with a delay in
high-temperature exposure.

• The increase in strength due to delay in high-temperature exposure in LC3 can
be attributed to better DoH of clinker phases particularly belite and ferrite. In the
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case of PSC, the reduction in strength due to lower clinker hydration could have
overcome with the increase in pozzolanic reaction due to the higher temperature.
The increase in strength in PPC at 50 °C irrespective of the temperature regime
could also be due to the higher temperature.
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The Origin of the Increased Sulfate
Demand of Blended Cements
Incorporating Aluminum-Rich
Supplementary Cementitious Materials

Franco Zunino and Karen L. Scrivener

Abstract It has been well established by several studies that LC3 requires an addi-
tional amount of gypsum on top of the normal dosage contained in OPC. In this
manner, the second (aluminate) peak does not overlap with the first (silicate) peak.
This required adjustment of the system sulfate content is attributed to the additional
aluminate phases introduced to the system by the addition of calcined clay. However,
a correlation between metakaolin (aluminosilicate) addition and the amount of addi-
tional gypsum has not been found, and the relationship between these parameters and
the position of the aluminate peak is not clear. This study explored in depth this issue
in order to further understand the driving mechanism controlling the sulfate demand
in LC3. Our results show that there is no direct link between the aluminate phase
content and the gypsum demand. On the contrary, the driving mechanism is linked
to the specific surface area that the mineral additions (calcined clay and limestone)
introduce to the system.

Keywords Gypsum · Ettringite · Kinetics

1 Introduction

Calcined clays are a promising opportunity to lower clinker levels in cements because
of their widespread availability and their excellent reactivity in blended cements. The
combination of metakaolin and limestone in OPC-based systems produces a synergy
that enables the production of high-performance cement with a significantly lower
clinker factor. Clays are mixtures of clay minerals (such as kaolinite, illite, and
montmorillonite) and other impurities, such as quartz, iron oxide, and other rock-
formingminerals. In some blended cements, such as limestone calcined clay cements
(LC3), undersulfation of the system is observed. This leads to the requirement to
incorporate additional gypsum into the system to avoid the undesirable effects of
undersulfation on the intensity of the silicate peak.
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The incorporation of gypsum in Portland cement has the goal of controlling the
reaction of tricalcium aluminate (C3A) and thus prevent flash setting [1] by retarding
the reaction of this phase. In the presence of gypsum, the hydration reaction of C3A
changes and ettringite is formed [2]. As more gypsum is incorporated to the system,
more retardation of the C3A reaction can be achieved [3].

Despite the clear relationship between gypsum addition and C3A, no clear rela-
tionship between the content of aluminates phases and the gypsum requirement for
proper sulfation of a system has been established. Evidence of this is the fact that
most standards require empirical measures like compressive strength or isothermal
calorimetry to determine the optimum sulfate content of cement [4]. This study aimed
to understand the mechanism behind the contribution of SCMs to the sulfate balance
of blended cements.

2 Materials and Methods

A commercial ordinary Portland cement (OPC) conforming to EN 197-1 as CEM I
42.5R was used in this study. A commercial calcined clay from Burgess with 95%
metakaolin content (referred onwards as metakaolin) was selected due to its high
purity. Limestone powders (calcite) with two particle sizes were also used in this
study: The coarser material is noted as LS and the finer one as fLS. The specific
surface area (SSA) of each raw material was measured by nitrogen adsorption, using
the BET method.

The influence of the additional SSA introduced by the incorporation of SCMs
(filler effect) on the sulfate balance of the system was compared to the effect of the
additional aluminates sourced from the addition of metakaolin. OPC blends with
different limestone replacements were compared to LC3 systems that incorporate
metakaolin. A base LC3 system containing 55% OPC plus additional gypsum, 15%
limestone, and 30% metakaolin (LC3-50) was taken as a reference. The water-to-
binder ratio (w/b) was fixed at 0.4. Based on the computed SSA for the LC3 system,
an equivalent blend of OPC and fine limestone (fLS) was prepared, with a proportion
intended to replicate the same binder surface area of each LC3 system. As these sys-
tems do not contain any additional aluminates, the effect of the additional aluminates
sourced from metakaolin can be decoupled from the contribution of the filler effect
alone.
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3 Results and Discussion

3.1 The Role of Sulfate in OPC

In pure OPC systems, C3S dissolves quickly during the acceleration period of the
silicate reaction and is therefore the main responsible of this peak. In addition, it can
be noted that ettringite is detected from the first scan acquired. During the silicate
peak, ettringite is precipitated continuously at a slower rate. In parallel, C3A remains
almost invariant during this period as it has been shown that the amount of C3A
that dissolves during the first minutes is enough to form the amount of ettringite
observed during this period [5]. When gypsum is depleted, the rate of dissolution
of C3A increases, and consequently, the rate of precipitation of ettringite increases.
This leads to the second (aluminate) peak, which is linked to the ettringite formation
during this period (second ettringite formation as described in [6]).

3.2 Sulfation of LC3: The Role of Specific Surface Area
on Sulfate Depletion

The issue of undersulfation observed in LC3 systems can be seen in Fig. 1, where a
typical LC3-50 blended system is compared to OPC. In this case, natural calcined
clay with an SSA of 62 m2/g was used. It can be seen that as the gypsum content is
increased, the aluminate peak is retarded and the height of the silicate peak recovers.

Fig. 1 Sulfation of LC3-50
system and the effect of
gypsum incorporation on the
aluminate peak position
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Figure 2 shows the heat flow profiles for the LC3 system with 95% metakaolin
on its calcined clay fraction with different gypsum additions. The incorporation of
metakaolin provides another source of aluminum to the system in addition to C3A.
However, by comparing Figs. 1 and 2, it can be observed that this relationship is not
systematic.While the system in Fig. 1 contains almost half the amount of metakaolin
as compared to the system in Fig. 2, more acceleration of the aluminate reaction is
observed in the first case. The main difference between these systems is the SSA of
the clay fraction. While the 50% metakaolin clay has an SSA around 60 m2/g, the
clay with 95%metakaolin has an SSA of 13 m2/g. This has consequences in the filler
effect contribution of each clay. As seen, the finer clays lead to a higher silicate peak
(Fig. 1) as compared to the coarser clay (Fig. 2), independent of their metakaolin
content. This suggests that the filler contribution of the clay could be responsible for
the observed acceleration and enhancement of the aluminate peak, rather than the
additional aluminate phases introduced.

Figure 3 shows the heat flow curve of andOPC blendedwith fine limestone, where
the specific surface area of the binder was match to the one measured for the LC3-50
system shown in Fig. 2. As seen, the same effect of acceleration and enhancement
of the aluminate reaction is observed, despite the fact that no additional aluminum-
bearing phases are incorporated into the system in this case. Thus, the mechanism
of acceleration of the aluminate reaction in blended cements is linked to the specific
surface area of the mineral additions and not to their chemical composition.

A link between the acceleration of the C3S reaction due to the incorporation of
additional nucleation sites (filler effect) and the enhancement and acceleration of the
aluminate peak has been established based on the results presented. The acceleration
of the silicate reaction leads to a faster precipitation of C-S-H, which can adsorb the

Fig. 2 Sulfation of LC3-50
system blend with synthetic
calcined clay (95%
metakaolin)
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Fig. 3 Heat flow curve of an
OPC + fLS system with the
same SSA as the LC3

systems in Fig. 2

sulfate ions in solution. The higher the amount of C-S-H, the more sulfate ions that
can be adsorbed and therefore, the earlier the gypsum depletion point is reached.
As the aluminate peak is triggered by the depletion of sulfate from the system, the
adsorption of sulfate into C-S-H can explain the results observed.

4 Conclusions

Based on the presented results, the following conclusions can be drawn:

• The acceleration and enhancement of the aluminate reaction observed in LC3 is
not related to the metakaolin content of the calcined clay used. On the contrary, the
specific surface area of the mineral additions triggers the observed acceleration.

• The acceleration and enhancement of the aluminate peak is independent of the
chemical composition of the mineral addition used.

• A mechanism of sulfate adsorption into C-S-H allows to link the filler effect
contribution of mineral additions and the observed acceleration of gypsum
depletion.
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Influence of Calcium Sulphate
on Hydration of Cements Containing
Calcined Clay

Gopala Rao Dhoopadahalli , Sreejith Krishnan and Shashank Bishnoi

Abstract The present study tries to understand the effect of sulphates on the hydra-
tion of Portland cement—calcined clay systems. Calcined clay was obtained by
calcining a clay having 95% kaolinite at temperatures ranging from 700 to 800 °C.
The calcined clay was used to replace 30% of clinker. A clinker with low aluminate
and low alkali content was used. Laboratory grade gypsum was used as the source of
sulphates. In this study, the sulphate content in the cement system was varied as 2.5
and 5.0%. Mainly, the effect of sulphates on the hydration of cement was studied by
conducting isothermal calorimetry on cement pastes for 48 h. In addition, the phase
assemblage studies were done at 1 day and 3 days by performing X-ray diffraction
on the paste samples. It was observed from calorimetry that the blends with higher
sulphate content show a significant delay in aluminate hydration. It was again noticed
that the main hydration peak was also affected with increase in sulphates. In calcined
clay blend, the amount of ettringite formed was lesser than the normal OPC blend
at similar sulphate content. In the other case where the dosage of sulphate was high,
the ettringite continues to form till 3 days.

Keywords Calcined clay · Calcium sulphate · Hydration

1 Introduction

The manufacturing of cement contributes significantly to overall CO2 emissions at
various stages of its production, starting from quarrying to packing. Out of all the
processes involved, the CO2 emitted during limestone decomposition and burning
of fuel in the kiln accounts to major portion of overall CO2 emission, which are
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unavoidable. In order to reduce the overall CO2 emissions, cement industry is con-
stantly undertaking huge efforts like improving the processes by adopting state of
the art technologies, utilisation of alternative fuels, etc. The present trend in cement
industry is to achieve lower clinker factors in cements without compromising on
performance. Binary and ternary blended cements are prepared by replacing some
portion of clinker with one or more supplementary cementitious material (SCM).
Calcined clay or metakaolin is one such SCM that can be used for replacing cement.

Metakaolin is obtained from calcining a clay having high amount of kaolinite
(Al2Si2O5[OH]4)mineral. These kaolinitic clays are calcined at temperatures ranging
from 500 to 850 °C to make it a pozzolanic material [1–4]. The temperature up to
which it should be calcined is still a question of debate. It is reported that highest
pozzolanic reactivity is achieved by calcining at 800 °C [1]. However, beyond 850 °C,
if calcined, clay may transform to less reactive crystalline material like cristobalite
and mullite [5]. Furthermore, it must be noted that even the duration to which the
clay is subjected to calcination can influence the properties of calcined clay.

Calcined clay rich in amorphous alumina and amorphous silica readily reacts with
water and Ca(OH)2 liberating enormous amount of heat. The reactivity of calcined
clay depends largely on the type of cement and the same is delayed when used with
low C3A cement [6]. It has been reported that the pozzolanic reaction is more in
clays containing lesser amount of kaolinite replaced at higher levels [7]. Calcined
clay contains high alumina and is finer than ordinary Portland cement (OPC). Thus,
sulphates are added in extra quantities in calcined clay blended cements to control the
hydration reaction. In addition to controlling the aluminate hydration, sulphate can
also influence other reactions. Hence, it becomes necessary to investigate the influ-
ence of sulphate in cements blended with calcined clay. The current study is mainly
focused on isothermal calorimetry and phase assemblage studies during initials ages
of hydration.

2 Materials and Methods

The oxide composition of clinker and calcined clay used in making the cements is
presented in Table 1. Cement with low C3A and low alkali content was intentionally
chosen to better understand the reaction of calcined clay which is rich in aluminates.

Table 1 Chemical composition of clinker and calcined clay

Oxides
(%)

CaO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 MgO TiO2 Cl

Clinker 65.02 19.83 5.06 5.46 0.52 0.00 1.48 1.16 0.71 0.00

Calcined
clay

0.17 48.08 46.57 0.82 0.02 0.41 0.17 1.49 1.93 0.18
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Precisely, the clinker contains 52.14% C3S, 29.08% C2S, 1.41% C3A and 17.36%
C4AF.

The calcined clay procured from industry was not calcined properly as some
amount of kaolinite was still left in it. Consequently, the calcined clay procured was
again calcined at 800 °C in a muffle furnace for 1 h. The X-ray diffractograms of
both originally procured calcined clay and the treated calcined clay are shown in
Fig. 1 and their phase composition is shown in Table 2. The amorphous content has
been increased drastically after calcination indicating the complete conversion of
kaolinite to metakaolin (Table 2). The treated calcined clay and the clinker are then
subjected to particle size analysis. The particle size distribution results are presented
in Table 3.

Fig. 1 XRD of calcined clay (K-Kaolinite, Q-Quartz, A-Anatase, M-Muscovite and H-Haematite)

Table 2 Phase composition
of calcined clay before and
after calcining in muffle
furnace

Phase name Calcined
clay—procured

Calcined
clay—treated

Kaolinite 15.63 0.16

Quartz 4.04 5.96

Muscovite 1.42 0.60

Hematite 0.80 0.26

Anatase 1.38 0.76

Total amorphous 76.73 92.27



318 G. R. Dhoopadahalli et al.

Table 3 Physical properties
of clinker and calcined clay

Parameter Clinker Calcined clay

Specific gravity 3.2 2.59

D10 (µm) 3.43 3.32

D50 (µm) 15.2 10.7

D90 (µm) 70.8 32.8

Table 4 Material proportions
for blend preparation

Blend Clinker Calcined clay Gypsum

OPC-2.5 94.63 – 5.38

CC-2.5 66.24 28.39 5.38

CC-5.0 62.48 26.78 10.75

Calciumsulphate dihydrate obtained fromMerckwhich is of laboratorygradewith
99% purity was used in all the blends. The sulphate content in cements was varied
as 2.5 and 5.0%. The proportions of various materials required in the preparation of
each blend are shown in Table 4. The blend OPC-2.5 was treated as the control blend
to which the other blends were compared.

3 Tests Performed on Cement

3.1 Isothermal Calorimetry on Cement Pastes

Isothermal calorimetry test was conducted to know the effect of sulphate addition on
heat evolution in cements at early stage. All the materials required for the test were
stored in a closed chamber where temperature was maintained as 27 °C always. The
pre-conditioning of materials was done for 24 h. A fixed water to cement ratio of 0.40
was used to make the cement paste. After thorough mixing, the paste was transferred
to calorimeter cups immediately. The cups were closed properly and placed inside
the isothermal calorimeter (Calmetrix I-cal 8000) for logging. And the logging was
carried out for 48 h.

3.2 X-Ray Diffraction on Cement Pastes

The cement paste was made as described in Sect. 3.1. The paste was filled in 2 cm
diameter cylindrical tubes and allowed to mature till the day of testing. At 1 day
and 3 days, the hardened paste was taken out of the tube and 3 mm thick slices
were cut with the help of precision saw. The slices made were scanned in X-ray
diffractometer (Bruker D8 Advance Eco). The scan was performed from 5° to 65°
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(2-theta) with a step size of 0.019° and 0.3 s per step. The scan files were analysed by
performing Rietveld refinement by external standard method. High purity rutile was
used as an external standard. The hydration products like ettringite and portlandite
were quantified at 1 day and 3 days.

4 Results and Discussions

4.1 Hydration Studies

The rate of heat evolution curve for all the blends is shown in Fig. 2. The rate of
heat evolution at induction period and at silicate peak and the slope of the curves
at acceleration period are calculated and are presented in Table 5. The rate of heat
evolved at induction period and at silicate peak is more for CC-2.5 compared to
OPC-2.5 (Table 5). On the other hand, the rate of heat evolution at silicate peak is
less for CC-5.0 compared to control blend. A clear aluminate peak is not observed in

Fig. 2 Rate of heat evolution in blends OPC-2.5, CC-2.5 and CC-5.0

Table 5 Salient features from calorimetric curves

Blend Rate of heat evolution at
induction period (mW/g)

Rate of heat evolution at
silicate peak (mW/g)

Slope of the curve during
acceleration (mW/g-hour)

OPC-2.5 0.57 4.53 1.21

CC-2.5 0.62 4.63 1.55

CC-5.0 0.47 3.65 1.24
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OPC-2.5 as it is a low C3A cement. However, in CC-2.5 and CC-5.0 the aluminate
peaks occur at 9 h and 32 h, respectively.

Among all the blends, the rate of heat evolution is more in CC-2.5 at induction
period which indicates early onset of acceleration period. It is also evident from the
slope of acceleration curve (Table 5) that the reaction occurs at a faster rate during
the acceleration period in CC-2.5 blend indicating the early activity of aluminates.
The higher rate of heat evolution in CC-2.5 blend during acceleration period is the
combined effect of OPC hydration and pozzolanic reaction. The same is not observed
in CC-5.0 blend because it has lower clinker content and due to significant delay in
the hydration of aluminates. It is also seen that the reaction of aluminates is delayed
significantly at higher dosage of sulphates. The aluminate hydration appears as a
shoulder peak in CC-2.5 around 9 h and the same is observed as a broad hump in
CC-5.0 with its peak occurring around 32 h (see Fig. 2).

The cumulative heat released curve for all the blends is shown in Fig. 3. It is
clearly observed from the curves (see Fig. 3) that at the end of 48 h, calcined clay
blends CC-2.5 and CC-5.0 are releasing more heat than the control blend OPC-
2.5. At all times, the cumulative heat energy released is more in CC-2.5 compared
to the other two blends. At initial stages, till 5 h the heat energy released is same
for both OPC-2.5 and CC-5.0 but in OPC-2.5 the heat released increases gradually
thereafter. However, after 30 h, the heat energy value increases rapidly because of
delayed aluminate hydration in CC-5.0 blend. Also, the energy gap between OPC 2.5
and CC-5.0 goes on reduces. Finally, at 38 h, CC-5.0 curve crosses OPC-2.5 curve
around 32 h indicating the delayed activity of aluminates. Overall, after 48 h, both
calcined clay blends release more heat than the control one showing that the effect
of reduction in clinker is well compensated by the calcined clay.

Fig. 3 Cumulative heat energy released in OPC-2.5, CC-2.5 and CC-5.0 blends
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Table 6 Ettringite and portlandite formed in g per 100 g cement paste after 1 and 3 days

Blend Ettringite at 1 day Ettringite at 3 days Portlandite at
1 day

Portlandite at
3 days

OPC-2.5 14.16 16.77 7.09 10.08

CC-2.5 10.90 10.10 3.55 4.71

CC-5.0 18.08 21.54 3.85 2.53

4.2 Phase Assemblage Studies

The phase assemblage studies are carried out on hardened cement paste specimens
to know the effect of sulphate content on the formation of hydration products. The
quantity of ettringite and portlandite formed at the end of 1 day and 3 days is presented
in Table 6.

The quantity of portlandite is increased in OPC-2.5 from 1 day to 3 days due to
hydration of silicates. Likewise, in CC-2.5 there is an increase in portlandite content
from 1 day to 3 days. However, in CC-5.0 blend, a reduction in portlandite content
is observed from 1 day to 3 days. It is reported that in properly sulphated cement, in
the presence of gypsum, the dissolution of Ca2+ ions increase [8]. Also, it has been
reported that C3S hydration is increased when both C3A and sulphates are present
and the same is decreased when aluminium ions are present [9]. In CC-5.0 blend, the
portlandite content is more at 1 day compared to CC-2.5 might be due to enhanced
silicate reaction at higher sulphate content.

In low C3A clinker, the reaction of calcined clay is slow [6] and hence there is
an increase in portlandite content from 1 day to 3 days in CC-2.5 blend. However,
the same trend is not observed in CC-5.0 blend. At higher sulphate dosages, i.e. in
CC-5.0 blend, the rate of depletion of CaOH2 is faster than its rate of formation.
Thus, a reduction is observed from 1 day to 3 days in portlandite content which may
be due to more pozzolanic reaction.

In control blendOPC-2.5 the sulphate to alumina ratio is high and thus the quantity
of ettringite is increased from 1 day to 3 days (Table 6). However, a reduction in
ettringite content is observed from 1 day to 3 days in CC-2.5 blend. In blend CC-
2.5, the reactive alumina content is more, and the sulphate content is same as in
OPC-2.5 leading to reduction in sulphate to alumina ratio which favours the AFm
transformations. Furthermore, in CC-5.0 where there is ample amount of sulphates,
ettringite quantity is increased from 1 day to 3 days. It is reported that the alumina
uptake can take place in C-S-H resulting in C-(A)-S-H formation in calcined clay
rich in kaolinite content [10]. However, at higher dosage of gypsum, where sulphate
to alumina ratio is high ettringite formation is favoured instead of C-(A)-S-H.
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5 Conclusions

The following conclusions were drawn based on hydration and phase assemblage
studies conducted on calcined clay blends.

• Though, the aluminate peak is significantly delayed in Portland cement—calcined
clay systems, overall heat is more than the control OPC blend at 48 h.

• The initial hydration of silicates may be affected due to higher sulphate contents.
• At higher dosage of sulphates, ettringite is formed at the expense of C-(A)-S-H.
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Sulfate Optimization for CCIL Blended
Systems

Hai Zhu, Dhanushika Mapa, Brandon Lorentz, Kyle Riding and Abla Zayed

Abstract Limestone cements (IL) are becoming commonly available for structural
applications. Calcined clays have great effect on performance enhancement of IL sys-
tems. Blending of those systems typically occurs in cement plants; however, for mar-
kets where blending occurs in concrete ready-mixed facilities, optimization of sulfate
content is critical for the successful use of this new ternary blend. Optimum sulfate
content for calcined-clay-limestone-cement systems was assessed using isothermal
calorimetry, with hemihydrate as a sulfate source. The optimums are determined at
1, 2 and 3 days of hydration using both IL and ordinary portland cement (OPC) with
two clay sources. Maximum heat of hydration was found to vary with age as well
as the blended material sources. Less sulfate is required to optimize the limestone
blended cement system. The replacement level of clay and the sulfate demand in
the blended system are also examined. At the same replacement level, the optimum
SO3/Al2O3 ratio is similar, irrespective of cement type or clay type.

Keywords Sulfate optimization · IL cement · Calcined clay · Heat of hydration

1 Introduction

Calcined clay is a natural pozzolanic resource for use as a supplementary cementi-
tious material with the advantages of reducing cost and carbon footprint. Limestone
is found to enhance the performance of cementitious systems, and IL cement is
becoming more commonly used in structural concrete [1]. Ternary blends of lime-
stone, low-grade kaolin clay and portland cement clinker (with appropriate gypsum
addition) show positive effects on concrete durability and performance [2, 3]. How-
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ever, when materials with high alumina content are incorporated in cementitious
systems, proper adjustment of the sulfate content is imperative to maintain good per-
formance [4]. In this paper, sulfate optimization of IL cement as well as a Type I/II
cement with two different clay sources are studied. The effect of several parameters
such as limestone content, clay source and replacement level on the optimum sulfate
content of the blended system is discussed.

2 Materials and Methods

2.1 Materials

An OPC (cement A) and two limestone cements of varying sulfate content (ILOP
(optimized) and ILUS (under-sulfated)) were used for this study. Two types of clays
from different sources (EM and CC) were used for blending with the cement. Hemi-
hydrate was used as the external sulfate source to adjust the sulfate content in the
blended system. The chemical oxide composition of the materials was determined
using X-ray fluorescence spectroscopy (XRF) in accordance with ASTM C114 [5],
Table 1.

2.2 Experimental Methods

Isothermal calorimetry followingASTMC1702,methodA, internalmixingwas used
to measure the heat of hydration (HOH) [6]. The water-to-cementitious ratio (w/cm)

Table 1 Chemical oxide composition of cements, clays and hemihydrate

Analyte Cements Clays Hemihydrate

A ILOP ILUS EM CC

SiO2 21.2 18.43 19 68.68 63.49 0

Al2O3 5.15 4.56 4.6 20.81 19.89 0

Fe2O3 3.61 3.29 3.38 1 7.99 0.01

CaO 63.91 62.28 62.6 0 1.08 38.7

MgO 0.7 0.91 0.92 0.08 0.45 0

SO3 2.59 2.93 2.41 0 0.23 55.34

Na2O 0.14 0.18 0.14 0.18 0.09 0.02

K2O 0.31 0.32 0.31 2.37 1.66 0

Na2Oeq 0.35 0.4 0.35 1.74 1.19 0.02

Limestone N/A 9.8 9.8 – – –



Sulfate Optimization for CCIL Blended Systems 325

Table 2 Sulfate optimization mixtures

Mixes Cement Cement + clay

1 2 3 4 5 6

A
√

–
√

– – –

ILUS –
√

– – – –

ILOP – – –
√ √ √

EM – – 20% 20% 30% –

CC – – – – – 30%

was maintained at 0.485 for all the mixes, and the testing was conducted at 23 °C. A
polycarboxylate-based high-range water reducer was used for cement-clay mixtures
to maintain constant flow similar to that of the cement mixtures while maintaining
a constant w/cm, ASTM C563 [7]. A TAM air isothermal calorimeter was used. All
mixtures contained hemihydrate in addition to the materials described in Table 2.

3 Results and Discussion

3.1 Sulfate Optimization of OPC and IL Cements

Figure 1 shows the effect of varying total sulfate content in the system on HOH for
cement A and ILUS at 1, 2 and 3 days. The maximum in the HOH increases with
age. At all ages, cement A shows a higher HOH as well as a higher optimum sulfate
content. This could be because of the higher Al2O3 content, but could to some extent
also be because of alkali solubility, or fineness. The optimum sulfate content for
ILUS increased by 0.55% from 1 day to 2 days while for cement A it was 0.30%.
The sulfate demand at 1 day for ILUS is lower than that for cement A.

3.2 Optimization of Clay Blended Cements

Sulfate optimization of the 20% clay blended systems is shown in Fig. 2. Although
the optimum sulfate content increases with age, the increase in the optimum between
1 day and 2 days in the blended systems (0.78% for ILOP and 0.65% for cement
A) is higher than in the plain cement paste for both cements. This clearly shows
that the blended systems are under-sulfated when clays are blended without sulfate
adjustment. However, when sulfate is added, the ILOP system reaches the optimum
at a faster rate than cement A, thus indicating a lower sulfate demand in the former.

Sulfate optimization for the 30% clay blended system is shown in Fig. 3. It is
interesting to note that increasing the clay content in the blended system increased the
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Fig. 1 Sulfate optimization for type I/II and IL cement pastes. Red solid arrow shows approximate
path of optimum sulfate content with age for cement A. Red dashed arrow shows approximate
optimum sulfate concentration with age for IL cement

HOH at 1 day but decreased it at longer hydration times. This is probably because the
high reactive alumina in clay influences the early-age hydration kinetics. At 3 days,
the HOH for 30% EM is lower than 20% replacement. The optimum SO3 content
at both replacement levels is similar. It is likely some amount of alumina from clay
does not contribute to early-age hydration.

3.3 Optimization of Different Clay Mixtures

Another clay source (CC)was blendedwith ILOPcement and optimized for its sulfate
demand, Fig. 4. Quantitative X-ray analysis indicates the presence of similar quartz
content in both clays. The HOH is higher for EM blended systems at all sulfate levels
examined here. This could be due to the finer particle size of EMclay. The results also
indicate that the sulfate demand for the two clays studied here, which were collected
from different mines, is variable. Further characterization of the clays is necessary
to identify the parameters of significance on optimizing the sulfate demand.



Sulfate Optimization for CCIL Blended Systems 327

120

150

180

210

240

270

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

H
ea

t o
f H

yd
ra

tio
n 

(J
/g

 C
em

en
tit

io
us

)

Total SO3 in System %

A+20EM 1d
A+20EM 2d

A+20EM 3d
ILOP+20EM 1d
ILOP+20EM 2d
ILOP+20EM 3d

Fig. 2 Effect of cement type on sulfate optimization in clay blended cementitious systems. Red
solid arrow shows approximate path of optimum sulfate content with age for cement A. Red dashed
arrow shows approximate optimum sulfate concentration with age for IL cement

3.4 Optimum Value of Different Blended Systems

Optimum values of SO3% in each blended system are calculated based on fitting
curves. The corresponding alumina values and optimum SO3/Al2O3 are also listed
in Table 3. The variation in the optimum SO3/Al2O3 with hydration time is depicted
in Fig. 5. It is clear that the SO3/Al2O3 ratio increases with hydration time for all
cases. The ratio is highest for the as-received cements and decreases on blending
with clays. Increasing clay substitution level from 20 to 30% did not seem to have a
significant effect on the sulfate optimum in the system.Within the same replacement
level, the ratio is similar, irrespective of cement type or clay type. However, the
testing matrix needs to be expanded to verify this preliminary conclusion.

4 Conclusions

Three cements and two low-grade kaolin calcined clays are investigated for sulfate
optimization of the blended systems at 23 °C. Sulfate optimization is critical for
wider application of CCIL blended systems in structural concrete, especially since
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Fig. 3 Effect of clay replacement level on sulfate optimization. Red dashed arrow shows approx-
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optimum sulfate concentration with age for 30 EM

undersulfating systems can reduce later age strength development. While numerous
factors influence the optimum sulfate content in a clay blended system, only the
effect of limestone content, type of clay and replacement level are studied here. The
following conclusions can be drawn from the results:

• The optimum sulfate content varies with the age. Depending on the application,
the appropriate optimum sulfate content can be specified.

• Higher replacement levels for the low-grade kaolin clays result in higher heat of
hydration at one day but lower total heat at 3 days.

• Blending with low-grade kaolin clay in OPC and IL cement systems requires
sulfate reoptimization.

• At the same clay replacement level, varying the cement type in a blended system
requires sulfate reoptimization.

• At the two replacement levels considered here (20 and 30%), and using the same
IL cement, the change in sulfate demand is negligible.

• The optimum sulfate content of a blended system varies with different clay
sources. It is possible that the optimum value is affected by not only the chemical
composition but also the particle size distribution and clay mineralogy.
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Fig. 4 Sulfate optimization for ILOP+ 30% EM and ILOP+ 30% CC blended systems. Red solid
arrow is approximate optimum sulfate content with age for 30 EM.Red dashed arrow is approximate
optimum sulfate content with age for 30 CC

Table 3 Optimum values for SO3 and Al2O3

Cement A Cement ILUS A + 20 EM

1d 2d 3d 1d 2d 3d 1d 2d 3d

Opt. SO3 3.30 3.60 3.71 2.81 3.36 3.45 2.78 3.43 3.77

Al2O3 5.08 5.05 5.04 4.57 4.52 4.51 8.21 8.15 8.12

Opt. SO3/Al2O3 0.65 0.71 0.74 0.62 0.74 0.77 0.34 0.42 0.46

ILOP + 20 EM ILOP + 30 EM ILOP + 30 CC

1d 2d 3d 1d 2d 3d 1d 2d 3d

Opt. SO3 2.33 3.11 3.37 2.38 3.15 3.32 2.27 2.80 3.08

Al2O3 7.81 7.74 7.72 9.31 9.02 8.96 9.15 9.10 9.08

Opt. SO3/Al2O3 0.30 0.40 0.44 0.26 0.35 0.37 0.25 0.31 0.34

• Optimum SO3/Al2O3 ratio increases with age for all mixtures. The ratios for
clay blended systems are significantly lower than those of pure cement systems,
but the reduction in the ratio becomes smaller with increasing the replacement
level between 20 and 30%. Within the same replacement level, the ratio is similar
irrespective of the type of cement (Type I/II or IL) or the clay source (kaolin content
of approximately 45–65).
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Influence of Kaolinite Content,
Limestone Particle Size and Mixture
Design on Early-Age Properties
of Limestone Calcined Clay Cements
(LC3)

Franco Zunino and Karen L. Scrivener

Abstract This study explores the effect of kaolinite content from 20 to 95% on
porosity refinement and mechanical properties of LC3-50 and LC3-65 (50% and
65% clinker factor, respectively) systems by dilution of pure metakaolin. The effect
of metakaolin dilution was coupled with other factors that were observed to have a
significant impact on hydration kinetics and strength. The effect of limestone particle
size was studied in terms of packing optimization and workability enhancement. A
detailed comparison between LC3-50 and LC3-65, currently allowed in the European
standard, is provided showing that the main difference in mechanical properties
occurs at 1 d for an equivalent kaolinite content. Finally, guidelines for effective and
optimized utilization of clays of different grades (kaolinite contents) in LC3 systems
are given.

Keywords Sustainability · Clinker factor · Compressive strength

1 Introduction

Environmental concerns, such as energy consumption and CO2 emission reduc-
tions, have become of increasing concern in the construction industry during the
last decades [1, 2]. Supplementary cementitious materials (SCMs) are an effective
means to reduce the cement content in concrete mixes [3–5] and enhance the dura-
bility of the material [6]. For these main reasons, they have become of increasing
interest among researchers. The available amounts of commonly used SCMs (fly ash,
blast furnace slags and natural pozzolan) are much lower than the worldwide demand
for cement (OPC). Consequently, research interest has shifted toward alternative and
more abundant sources of SCMs such as calcined clays and limestone.

Calcined clays provide a promising opportunity to lower clinker levels in cements
because of their widespread availability and their excellent reactivity in blended
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cements. The combination of metakaolin and limestone in OPC-based systems pro-
duces a synergy that enables the production of high-performance cement with a sig-
nificantly lower clinker factor. The reactive alumina supplied bymetakaolin enhances
the limestone reaction and allow higher replacement levels with improved perfor-
mance, due to the increased formation of CO3-AFm phases [7]. For this reason,
LC3 (limestone calcined clay cements) have become of great interest. This study
explores the effect of calcined metakaolin content on the early-age performance of
LC3 by dilution of pure metakaolin using limestone. The effect of particle size of the
limestone fraction and alkali content adjustment on strength is also discussed.

2 Materials and Methods

Portland cement classified as CEMI 42.5R was used for the preparation of blended
cement pastes. The limestone powders were supplied from commercial manufactur-
ers and were used as received. For the base mixtures of this study, a limestone with
DV50 = 4.1 µm was used. A pure metakaolin (95% purity) was used in this study as
calcined clay. Lower grades of clay were achieved by dilution of the pure metakaolin
with limestone. A base mixture design of LC3-50 with clay-to-limestone ratio of
2:1 was used (50% clinker, 30% calcined clay, 15% limestone and 5% gypsum).
From there, different levels of dilution were explored by combining pure metakaolin
and additional limestone in the 30% clay fraction of the binder, ranging from 95%
metakaolin content (30% calcined clay and 15% limestone) down to 20%metakaolin
(6.3% calcined clay and 38.7% limestone) content.

The LC3-65 systems were designed by increasing the clinker factor up to 65%
and keeping the relative proportions between limestone and clay constant in the
remaining fraction for comparison with LC3-50.

A constant w/b ratio of 0.4 by mass was used for all mixtures. Compressive
strength was measured in mortar samples in conformity with EN 196-1 standard
procedure. For the limestone particle size study, mortar samples were cast at w/b 0.4
in the same way as the base mixtures. Two additional limestone sizes were used:
D15 (coarse limestone, with DV50 = 17.5 µm) and BUG (fine limestone, with DV50

= 1.8). The coarse and fine limestone replaced the limestone used to dilute down
the 95% metakaolin down to the desired values (therefore, an increased amount of
fine or coarse limestone is added as the metakaolin content goes down), while the
initial 15% base limestone content of the LC3-50 with clay-to-limestone ratio of
2:1 system was always kept constant with the DV50 = 4.1 µm limestone. For the
mixtures where the alkali content was adjusted, KOH was used to achieve a total
alkali content, expressed as a percentage of Na2OEQ of the total binder, of 0.8 and
1.0%. The particle size distribution of the raw materials used is shown in Fig. 1,
measured by laser diffractometry.

Mercury intrusion porosimetry (MIP) was conducted on paste samples cast with
analogous compositions to the mortar mixtures in selected systems. The aim of these
experiments was to compare the effect of coarse and fine limestone inclusions in
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Fig. 1 Particle size
distribution of the raw
materials used in this study

the porosity refinement profile. In addition, isothermal calorimetry at 20 °C was
conducted to assess the hydration kinetics of the systems. Furthermore, it was used
to study the effect of raw materials properties in the aluminate reaction of LC3.

3 Results and Discussion

3.1 Effect of Calcined Clay Grade (Metakaolin Content)
and Clinker Factor on Compressive Strength

Results for compressive strength of mortar with 50 and 65% clinker factors are pre-
sented in Fig. 2. In general, LC3-65 exhibits a higher strength at one day as compared
to LC3-50. This is attributed to the higher clinker content. At this age, the hydration of
clinker dominates the production of hydrates. However, this difference starts to dis-
appear already at two days, starting from the systemswith highermetakaolin content.
At seven days, the difference is negligible across the whole range explored. LC3-65
formulations are currently allowed in the European EN 197 standard as CEMII/B-Q-
L, but not the LC3-50 based formulations. From a strength point of view, it appears
that the difference between both clinker factors is restricted to the very early stage of
hydration. Furthermore, as it will be shown in the next section, this difference can be
shortened even further by the refinement of the limestone fraction of the adjustment
of the alkali content.
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Fig. 2 Compressive strength of LC3-50 (top) and LC3-65 (bottom) mortar mixtures with different
amounts of metakaolin. Eye guides are included in the top figure referring to the LC3-65 strength
at each metakaolin level

3.2 Effect of Limestone Particle Size Compressive Strength
of LC3-50 Formulations

Results of LC3-50 mixtures where coarse (D15) or fine (BUG) limestone is incorpo-
rated are shown in Fig. 3. It can be observed that for the samemetakaolin content, the
surface area of limestone has a significant effect on compressive strength, especially
at an early age. In fact, at one, two and three days, the effect of limestone refinement
on strength is higher for a given mixture than the observed variation (Fig. 1) for a
reduction in metakaolin content. Thus, limestone particle size is a relevant factor
that influences the strength of LC3 at an early age and could be used to increase
the performance of binders in scenarios where only low-grade clays are available.
Furthermore, the use of fine limestone allows approaching to the strength level of
LC3-65 formulations at one day.

Figure 4 shows the porosity profiles obtained after seven days of hydration byMIP
of a group of LC3-50 systems with normal size and coarse limestone. As observed,
the incorporation of coarse limestone leads to a higher total porosity in both cases
(MK63 and MK40). However, in the case of MK63, the difference is smaller and
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Fig. 3 Compressive strength of LC3-50 mortar with coarse (D15) and fine (BUG) limestone

Fig. 4 Porosity profiles of
LC3-50 systems at seven
days measured by MIP
(contact angle 120°)

the critical entry radius with coarse limestone is slightly lower than the reference
system, which could explain a similar result in strength at this age between the D15
and the reference system, as opposed to MK40.

3.3 Physical (Fine Limestone) and Chemical (Alkali
Content) Strategies to Increase Strength

To explore the possibilities to increase the early-age strength of LC3-50 systems using
chemical strategies, alkali adjustment was used. Figure 5 shows the studied mixtures
with 63 and 40% metakaolin content, with adjusted alkali content, fine limestone
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Fig. 5 Compressive strength of LC3-50 mortar mixtures that incorporate different strategies to
increase early-age strength (alkali adjustment, limestone refinement or a combination of both)

(BUG) addition or a combination of both. In addition, the reference values for the
MK63 and MK40 with the reference limestone are also included for comparison.
As seen, for the two metakaolin contents studied, the mixtures with an increased
alkali content up to 1% Na2OEQ shown higher strength at early age. A decrease of
strength is observed at 7 and 28 days as compared to the reference system but within
the error of the experiment. The combination of fine limestone and alkali adjustment
exhibited an even higher increase of strength at one, two and three days.

4 Conclusions

Based on the presented results, the following conclusions can be drawn:

• Calcined kaolinite content is linked with compressive strength of LC3 systems.
However, other design parameters such as limestone fineness shown a strong influ-
ence in strength and therefore can be managed to achieve the desired performance
of the mixture.

• The inclusion of fine limestone in LC3-50 mixtures proved to be an effective way
to increase early-age strength to levels comparable to LC3-65 formulations.

• Further increase can be achieved by adjusting the alkali content of the binder,
with no negative impact observed at later-age strength at the amounts below 1%
Na2OEQ.
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Evaluation of Age Strengths
of Metakaolin Blend Pastes with Varying
Fineness of Grind

N. Dumani and J. Mapiravana

Abstract The objective of the study was to evaluate the effect fineness of grind of
metakaolin (MK) on age strength development of metakaolin/cement blend pastes.
Five batches of metakaolin designated MK1, MK2, MK3, MK4 and MK5 were
investigated. The metakaolins were each ground to three different fineness—95%
passing 75 µm, 95% passing 53 µm and 95% passing 45 µm. Cement pastes con-
taining 0 and 30% of MK were prepared at a constant water/binder ratio of 0.3. The
compressive strengths of the cement pastes were determined at 2, 7, 14 and 28 days.
The results indicated that the compressive strengths of the cement pastes with MK
were not significantly affected by the fineness of grind of the MK between 75 and
45µm particle sizes. The results showed that the highest compressive strengths were
achieved with cement pastes that contained MK3 and MK5 which had the highest
metakaolinite contents. MK1 which had the lowest metakaolinite content but the
highest mullite and cristobalite contents exhibited the lowest compressive strength
at all ages. Based on this study, it was concluded that the coarser MK can be utilized
for partial replacement of OPC reducing grinding costs and ultimately market prize
of the MK/cement blends.

Keywords Compressive strength · Fineness · Grinding ·Metakaolin · Ordinary
portland cement

1 Introduction

Cement, the primary binding ingredient in concrete, is by far considered one of the
most important and most produced materials in the world [1]. Ordinary Portland
cement (OPC) production is a highly energy-intensive process and accounts for
approximately 5–7% of global carbon dioxide (CO2) emissions [2–6]. Production
of one ton of OPC results in about one ton of CO2 emissions [7]. Globally, the
cement sector needs to find a solution to reduce CO2 emission. One of the effective
ways is the reduction of clinker content of OPC, via the use of cement extenders
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[8, 9]. The most widely used cement extenders are fly ash, ground granulated blast
furnace (GGBS) and silica fume. However, the use of these materials is constrained
by geographical availability and their quality. Therefore, there is a need to identify
alternative cement extenders that are abundantly and ubiquitously available to meet
the global demand. One of the most promising alternatives is metakaolin. Kaolinitic
clays that are used to produce metakaolin are abundantly and ubiquitously available.
In their natural form, kaolinitic clays are valuable materials used for ceramics and
also as fillers for paper, paint, polymers and related materials [10–13]. However,
when calcined under the right conditions, kaolinitic clays convert to metakaolin [5,
10, 13, 14].

The partial substitution of OPC by metakaolin reduces the energy consumption
and CO2 emissions to the environment [5]. Besides the environmental benefits, the
use of metakaolin can also significantly enhance strength and durability of concrete
in comparison to OPC alone [14, 15]. Metakaolin exhibits similar performance to
that of silica fume and has the capability to replace silica fume as an alternative
cement extender [16, 17].

Generally, an increase in fineness has a corresponding influence in the strength
development [18]. There are limited studies on the effect of different fineness of
metakaolin as a partial replacement in concrete. According to Wild et al. [19], there
are three elementary factors influencing the contribution that MK makes to strength
when it partially replaces OPC in concrete [19]. These are the filler effect, which is
immediate, the acceleration of OPC hydration, which occurs within the first 24 h, and
the pozzolanic reaction of metakaolin with calcium hydroxide (CH), which has its
maximum effect somewhere between 7 and 14 days of age. Therefore, when dealing
with role of filler effect, understanding the influence of fineness of metakaolin is very
important.

Boháč et al. [20] studied the compressive strength and flexural strength of mortars
containing different fractions of metakaolin. Jet mill classifying system was used to
prepare the various fractions of metakaolin. OPC was replaced by 10% of different
fractions ofmetakaolin. The compressive strength andflexural strength of themortars
were determined at 1, 2, 7 and 28 days with water/binder ratio of 0.5. The results
showed that compressive strength development of mortars is rather slower for coarse
fractions as compared with the control mixture; however, the finest fraction of MK
showed higher 28-day compressive strength as compared to the reference sample.
The results further showed that all fractions of MK showed higher 28-day flexural
strength compared to the reference mixture.

Vizcaíno-Andrés et al. [21] carried out a study to examine the effect of fineness of
three different components, i.e. the clinker, calcined clay and limestone on mechan-
ical properties of the resulting blended cement. Ternary blends were produced by
blending separately ground clinker, calcined clay, limestone and gypsum in different
combinations of coarse and fine components. The blend contained 48.6% clinker,
29% calcined clay, 14.5% limestone and 7.8% gypsum. The compressive strength of
the mortars was determined at 3, 7 and 28 days with water/binder ratio of 0.5. The
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results showed that the higher fineness of both clinker and calcined clay can signif-
icantly enhance the compressive strength of all ages, while limestone only plays a
role at early age.

Said-Mansour et al. [22] studied the effect of two different fineness of metakaolin
on strength development of cement mortars. OPC was replaced by 10% of different
fineness of metakaolin. The compressive strength of the mortars was determined at 1,
7 and 28 dayswithwater/binder ratio of 0.36. The results showed the finermetakaolin
gave a faster strength development than the coarse MK and reference mixture of all
ages.

The objective of the study was to evaluate effect of the fineness of grind of
metakaolin on the age strength development.

2 Experimental Method

Five batches of metakaolin were produced and investigated in this study. The semi-
quantitative mineralogies of the materials obtained using XRD are shown in Table 1.
These batches of metakaolin differed from each other primarily in the amounts of
amorphous (metakaolinite),mullite and cristobalite contents present in each as shown
in Table 1. The batches of metakaolin are referred as MK1, MK2, MK3, MK4 and
MK5.High-gradekaolinitic clay containing95%kaolinite, 4%quartz and1%anatase
was used to produce these batches of metakaolin.

The five batches of metakaolin were each ground to three different fineness of
grind in order to evaluate the effect of fineness on the age strength development.
The three different fineness of grind chosen were 95% passing 75 µm, 95% passing
53 µm and 95% passing 45 µm.

Ordinary Portland cement 52.5 N was used for blending. The OPC/MK blended
pastes prepared hadMKcontent of 30%with different degrees of fineness. The pastes
were prepared using a water/binder (w/b) ratio of 0.3. A normal OPC paste with no
MK was prepared as a reference. A polycarboxylate superplasticizer (SP) was used
to produce an appropriate mortar paste consistency.

Table 1 Mineralogical composition of the batches of metakaolin obtained using XRD

Mineralogical composition MK1 MK2 MK3 MK4 MK5

Amorphous phase 76.5 82.6 90.7 81.0 95

Quartz 4.00 4.00 4.00 4.00 3.02

Anatase 0.71 1.04 1.58 1.10 0.84

Mullite 6.35 3.65 1.40 3.80 0.39

Cristobalite 11.53 6.96 1.49 6.50 –

Rutile 0.94 0.70 0.84 0.80 0.75
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The particle size distribution of materials after grinding was obtained by using
laser diffraction technology. The Blaine fineness of each of the five batches of
metakaolin was also measured after grinding to different degrees of fineness.

Cube specimens of 50 × 50 × 50 mm in dimension were cast in steel moulds
and compacted by vibration. The specimens were covered to prevent water loss
and left overnight. The specimens were de-moulded and cured in water at ambient
temperature. The compressive strengths of the pastes were determined at the ages of
2, 7, 14 and 28 days. For each age, three specimens of each mixture were tested for
compressive strength and the mean value of these measurements was reported.

3 Results and Discussion

3.1 Particle Size Distribution and Specific Surface Area

Key parameters D10, D50, D90 and D95 and Blaine fineness are given in Table 2. The
results for the 95% passing 75 µm, 53 µm, 45 µm obtained from physical screening
for each MK sample were lower than results obtained using laser diffraction which
assumes spherical geometry for the particles as shown in Table 2.

Table 2 Results from the Blaine fineness and particle size distribution of the five batches of
metakaolin with different fineness

MK D10 (µm) D50 (µm) D90 (µm) D95 (µm) Blaine fineness (cm2/mg)

OPC 5.260 16.18 33.40 41.96 4500

MK1 75 µm 2.863 31.20 79.40 99.04 5750

MK1 53 µm 2.809 27.34 68.69 87.16 6750

MK1 45 µm 2.572 23.83 60.66 77.04 7300

MK2 75 µm 2.533 26.80 78.94 99.71 6750

MK2 53 µm 2.312 23.50 64.66 82.92 7300

MK2 45 µm 2.147 20.90 59.65 76.43 7900

MK3 75 µm 2.328 25.51 82.78 105.95 9150

MK3 53 µm 2.149 22.23 66.15 84.90 10,150

MK3 45 µm 2.004 18.35 58.05 75.06 10,650

MK4 75 µm 2.501 29.84 87.46 109.80 9300

MK4 53 µm 2.206 24.78 70.95 90.72 10,300

MK4 45 µm 1.973 19.76 59.14 75.81 11,500

MK5 75 µm 2.324 25.77 83.16 107.60 8800

MK5 53 µm 2.017 19.56 60.89 78.05 10,250

MK5 45 µm 1.919 17.86 56.88 73.30 10,750
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It was observed from Figs. 1 and 2 that the MK with high metakaolinite content
and low mullite content was soft and required less grinding time while the MK with
low metakaolinite content and high mullite content needed more grinding time.

3.2 Age Strength Development

The role of fineness ofMKwas examined on compressive strength development after
2, 7, 14 and 28 days. The results of compressive strength of the reference sample
(OPC) and OPC/MK blended pastes are shown in Figs. 3, 4, 5, 6 and 7, where each
value is the average of threemeasurements. The compressive strength of the reference
samples ranged between 64 and 112 MPa while strengths of OPC/MK pastes ranged
between 36 and 135 MPa.

It can be seen in Figs. 3, 4, 5, 6 and 7, increasing the fineness ofMK from 75µm to
53 µm, and finally, 45 µm does not increase the compressive strength development
significantly at all ages. The increases in compressive strength were only 1–5%
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Fig. 3 Compressive strength as a function of age for cement pastes containing MK1 of different
fineness
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Fig. 4 Compressive strength as a function of age for cement pastes containing MK2 of different
fineness
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Fig. 5 Compressive strength as a function of age for cement pastes containing MK3 of different
fineness

with the exception of MK2 which increased by 11%. These results show that when
the particle sizes of MK were between 75 and 45 µm, insignificant variation in
compressive strength was observed.

The batches of metakaolin investigated in this study differed in their mineralog-
ical composition as shown in Table 1. At 28 days of curing, it was observed from
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Fig. 6 Compressive strength as a function of age for cement pastes containing MK4 of different
fineness

0

20

40

60

80

100

120

140

2 7 14 28

St
re

ng
th

 (M
Pa

)

Age (days)

Control

75 μm MK

53 μm MK

45 μm MK

Fig. 7 Compressive strength as a function of age for cement pastes containing MK5 of different
fineness

the compressive strength results that the cement pastes containing MK3 and MK5
exhibited higher strengths than the reference specimen due to their higher reactivity.
MK5 andMK3 had the highest metakaolinite content, lowest mullite and cristobalite
contents lower than MK1, MK2 and MK4. Cement pastes containing MK1 had the
lowest metakaolinite content and highest mullite and cristobalite contents and had
lower strengths in all cases due to their lower reactivity as compared to other OPC-
MK blends. Over-burning of the clay as indicated by the presence of mullite and
cristobalite phases caused a decline in pozzolanic reactivity of metakaolin [14, 23].

It follows from the results obtained that there is a possibility to use coarser MK
and thus afford more economical grinding. On the market, MK is sold for more than
OPC and supplementary cementitious materials such as fly ash and slags [8, 24].
Consequently, the market price of MK would be reduced if the cost of grinding can
be neglected during the production of MK. Metakaolinite, mullite and cristobalite
contents and reactivity of MK influenced the strength development results of the
OPC-MK blended pastes.
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Fig. 8 Relationship between Blaine fineness of MK used in the cement blends and compressive
strength of the OPC-MK blend pastes at 14 days
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Fig. 9 Relationship between Blaine fineness of MK used in the cement blends and compressive
strength of the OPC-MK blend pastes at 28 days

3.3 Grindability and Fineness Effects

The results obtained from the study were further confirmed by considering the rela-
tionship between the Blaine fineness of the MK used in the test blends and the com-
pressive strength at 14 and 28 days (Figs. 8 and 9). Increasing theMKBlaine fineness
did not necessarily increase the compressive strength of theOPC-MKblended pastes,
especially at 14 days.

4 Conclusions

It can be concluded from the results that the fineness of MK between 95% pass-
ing 75 µm and 95% passing 45 µm did not significantly influence the compressive
strength development of 30% MK/cement blends. The positive effect of the MK
fineness on the compressive strength development may be observed for much finer
MK. The compressive strength and reactivity of the OPC-MK blended pastes were
influenced by their mineralogical contents. MK3 andMK5 that contained the highest
metakaolinite but the lowest mullite and cristobalite contents exhibited the highest
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grindabilities and compressive strengths. MK1, which had the lowest metakaolinite
content but the highest mullite and cristobalite contents, exhibited the lowest grind-
ability and compressive strength. Based on this study, coarser MK can be utilized
for partial replacement of OPC reducing grinding costs and ultimately market prize
of the MK/cement blends.
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The Effect of Composition of Calcined
Clays and Fly Ash on Their Dissolution
Behavior in Alkaline Medium
and Compressive Strength of Mortars

Satya Medepalli , Anuj Parashar and Shashank Bishnoi

Abstract There is a wide scope for use of calcined clays in cement as kaolinitic
clays are available in huge quantities around the world. Similarly, fly ashes are
also available in substantial quantities, though the quality of fly ash is still a major
concern. One is used in large quantities, and the other has the potential and the
resources to be utilized. The difference in their physical and chemical properties and
their behavior in alkaline medium are studied in this work. One class F fly ash and
one calcined clay with 60% kaolinite are selected for this study. The materials are
characterized usingX-rayfluorescence (XRF),X-ray diffraction (XRD) and scanning
electron microscopy (SEM) to find chemical composition, mineral composition and
morphology. The difference in their solubility behavior in alkaline medium was
determined using ICP-MS to find the dissolution of silica, alumina and calcium ions
in NaOH solution at 20 °C. Though the hydration behavior of calcined clays and fly
ash in cement systems are very distinct, their solubility behavior was found to be
similar. Calcined clays exhibited higher dissolution of Si and Al ions in the solution
compared to fly ash. The effect of dissolution of Si andAl on the compressive strength
ofmortars is also studied. Strength activity index ofmortars increases quickly starting
from day 1 for calcined clay and reaches a maximum at 7 days, while for fly ash it
increases steadily and reaches a maximum at 28 days.

Keywords Calcined clay · Fly ash · ICP-MS · XRD · XRF · SEM

1 Introduction

The use of supplementary cementitious materials (SCMs) to reduce the usage of
clinker by replacing a portion of cement is an effective way to reduce the CO2 foot-
print. SCMs contain a significant quantity of amorphous silica and alumina that can
reactwith calciumhydroxide in the hydrating cement to form secondary cementitious
products [1]. Industrial by-products such as fly ash, slag and silica fume have been
used as SCMs frommany decades; however, the quantity of some of these SCMs such
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as slag and silica fume is not sufficient to replace a significant quantity of clinker.
There is an abundant supply of fly ashes through the generation of coal-fired power
plants, as coal is a major fuel source in many countries [2, 3]. However, there is a
huge variation in the quality of fly ash generated posing a serious challenge in its
utilization for high-volume replacements in cement [4]. Calcined clay is thought to
be the next best alternative to fly ash, as it is available in huge quantities all over the
world.

The metakaolin as a pozzolan for cement at lower replacements has been used for
a long time. A lot of research is being carried out in the last few decade on the use of
calcined clays to increase the replacement levels of clinker in cement [5–7]. Recent
works include its usage to replace nearly 50% of clinker through the introduction of
a new type of cement known as limestone calcined clay cements [8–11].

Both fly ashes and kaolinitic clays are available in substantial quantities and can be
used effectively in high-volume replacement of clinkers. Even though, there is a huge
availability of fly ash, its utilization is limited due to the quality of fly ash. Although,
calcined clay has a great potential, it is still not being used on a large scale for
partial replacement of cement. The demand for cement is expected to increase in the
coming decades, especially for developing infrastructure in Third World countries.
Both fly ash and calcined clay have the potential to replace high volumes of clinker
in cement and reduce the CO2 footprint due to clinker production. To increase the
utilization of these SCMs, it is important to understand their role in cement systems
and how they contribute to strength development. Their role as a pozzolan in cement
systems depends on the solubility of silica and alumina ions in alkaline medium
which is prevalent in the pore solution of cement systems. The current study is
therefore focussed on finding out the dissolution of these ions from SCMs and their
contribution to the strength development in cement systems.

2 Materials and Methods

2.1 Materials and Mixes

One fly ash and one calcined clay are used in this study. The fly ash was procured
from a thermal power plants near Jamshedpur in India. Clay sourced from Rajasthan
with a kaolinite content of 60% was calcined in a rotary kiln.

The oxide composition of the SCMs was analyzed using X-ray fluorescence and
is listed in Table 1. Fly ash can be categorized as ASTM class F as calcium content
is less than 10% [12]. Both fly ash and calcined clay have a major portion of silica
and alumina content with minor phases of iron oxide, calcium oxide and alkalis.
Similarity in the chemical composition makes it difficult to distinguish the nature of
these SCMs based on the oxide content. Calcined clays, however, has slightly higher
alumina content than the fly ash.
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Fig. 1 SEM image of calcined clay (left) and fly ash (right)

SEM images of these two SCMs are shown in Fig. 1. Even though, both calcined
clay and fly ash have amorphous silicates and aluminates, the morphology of these
two SCMs is quite different. It can be observed that clay has a sheet structurewhile fly
ash particles are mostly spherical. Such different morphologies affect the rheology
of concrete while using these two SCMs. As fly ashes are spherical, it reduces the
water demand in concrete due to its ball-bearing effect while the calcined clay has
an opposite effect [13].

2.2 Experimental Methods

Inductively coupled plasma technique was used to find the ionic concentrations of
these elements in NaOH solution. As no standardized method was established to
study fly ash using dissolution experiments, the procedure followed by Durdzinski
et al. (2015) to study dissolution of synthetic glasses is followed in this work. 1 g
SCM is added to 1 L of 0.14MNaOH solution. The test was conducted at 20 °C. The
solution was not disturbed by stirring after adding the SCM to avoid any abrasion to
the sample. 5 ml of the solution was taken out at designated time intervals to measure
the dissolution of ions into the solution. NaOH solution of a known molarity was
replenished by the same amount after each sampling to maintain the pH of the
solution.

7.06 cm cubes were cast for compressive strength tests on mortar samples using
binder-to-sand ratio of 1:3. After keeping for 1 day in moist environment, the cubes
are demolded for curing in a temperature-controlled water bath maintained at 27 °C
till testing. Testing was carried out at 1, 3, 7 and 28 days. A water-to-binder ratio of
0.4 was used for castingmortar. Strength activity index was calculated as the strength
of the SCM blended mortar to the strength of OPC at corresponding ages.
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Fig. 2 Dissolution of Si, Al
and Ca in NaOH solution for
fly ash at 20 °C
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Fig. 3 Dissolution of Si, Al
and Ca in NaOH solution for
calcined clay at 20 °C
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3 Results and Discussion

3.1 Dissolution of Ions

The dissolution of silica, alumina and calcium ions in NaOH solution for fly ash
and calcined clay is shown in Figs. 2 and 3. Both these SCMs have low calcium
content and as such there is no dissolution of calcium ions into the solution. How-
ever, alumina and silica concentration in the solution increases from day 1. Silica
concentration in the solution is higher than alumina at all ages in both the SCMs.
Alumina concentration steadily increases for fly ash till 28 days, while in the case of
calcined clays it rapidly increases till 7 days, and thereafter, its dissolution gets slow.

3.2 Compressive Strength

The strength activity index of mortars for fly ash and calcined clay is plotted in
Fig. 4. It can be observed that the strength activity index of calcined clays quickly
increases reaching nearly 90% at 1 day and attaining a maximum value at 7 days.
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Fig. 4 Strength activity
index of mortar for fly ash
and calcined clay
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These results complement the results from the dissolution experiment, wherein Si
and Al ions dissolved rapidly with the first 7 days in case of calcined clays. The
strength activity index of fly ashes steadily increases from 60% at 1 day to 90% at
the age of 28 days similar to its dissolution behavior.

4 Conclusions

This study tried to compare the properties of fly ash and calcined clay based on their
dissolution behavior in alkaline medium. The following conclusions are made.

• Although, both fly ash and calcined clay exhibited similar oxide composition, their
behavior and reactivity are completely different.

• The morphology obtained from SEM images clearly suggests that while fly ash
has spherical glassy particles, kaolinitic clays have sheet like structure.

• Both calcined clay and fly ash have low calcium content and as such their behavior
is purely pozzolanic and are activated in alkaline medium that is prevalent in the
pore solution of cement paste.

• Dissolution tests in alkaline medium show that Si and Al ions dissolve rapidly in
calcined clays attaining a substantial value at the end of 7 days. Fly ashes, however,
dissolve slowly attaining a maximum value at 28 days.

• Strength activity index of calcined clays and fly ashes complements the results
obtained from dissolution tests. It can be observed that strength activity index of
calcined clays reaches 90% within 1 day and a maximum value at 7 days, while
fly ashes attain a maximum at 28 days.
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The Effect of Calcite and Gibbsite
Impurities in Calcined Clay on Its
Reactivity

Franco Zunino and Karen L. Scrivener

Abstract This study explored the effect of calcite (calcium carbonate) and gibb-
site (aluminum hydroxide) impurities on the reactivity of a model calcined clay.
Pure metakaolin was combined with calcite and gibbsite to prepare model raw clays,
whichwere then calcined in a furnace at 800 °C for 1 h. The R3 test was used to assess
reactivity of the calcined materials, and physical and mineralogical characterizations
were performed. It was observed that calcite forms a layer of granular deposit over
kaolinite particles, reducing its specific surface area. However, the impact on reac-
tivity is relatively minor if the effect of dilution is accounted. In the case of gibbsite,
it completely dehydrates upon calcination and transforms into inactive crystalline
alumina. The effect of its presence was compared to quartz, and no significant differ-
ences were found. Thus, natural clays with calcite and gibbsite impurities are suitable
for LC3 applications.

Keywords Calcination · Surface area · Isothermal calorimetry

1 Introduction

Supplementary cementitious materials (SCMs) are widely used in blended cements
to reduce the carbon emissions associated with the production of the material [1].
Clays are unique among the supplementary cementitious materials because of their
worldwide availability [2]. The three clay types of major abundance are kaolinite,
illite and montmorillonite [3]. Heat treatment of kaolinitic clays between 600 and
800 °C leads to the dehydroxylation of its crystalline structure to give a state of more
structural disorder known as metakaolin [4].

In some regions, clays are naturally combined with limestone in the quarries.
Kaolinite is dehydroxylated between 600 and 800 °C [5]. While there is clear under-
standing of the process governing the transformation and recrystallization of the
system kaolinite–calcite at temperatures above 1000 °C, there is lack of systematic
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studies exploring these interactions at temperatures of 800 °C or lower, which are of
interest for metakaolin production.

Another common impurity found in kaolinitic clays is forms of aluminum hydrox-
ide, in particular gibbsite. Gibbsite will dehydrate upon heating and transform into
different forms of Al2O3 until the most stable mineral corundum is crystallized at
high temperature [6]. As this transformation occurs in the same range of temper-
atures required for the dehydroxylation of kaolinite and consequent production of
metakaolin, there is a question regarding the possible interference that gibbsite might
have in the formation ofmetakaolin. Furthermore, there is an open question regarding
the possible competition during dissolution between the dehydrated gibbsite phase
and metakaolin.

2 Materials and Methods

An experimental design aimed to assess the effect of 2 and 8% calcite impurities
on calcined clay reactivity was designed. The calcination temperatures were estab-
lished at 600 and 800 °C, above and below the decarbonation threshold of calcite.
Furthermore, the effect of residence time was explored at a low (20 min) and high
(60 min) level.

Raw clay (kaolinite) content of 71% as measured by thermogravimetric analysis
(TGA) and Durcal 5 calcium carbonate (calcite) were used. 250 g of material (un-
calcined clay and calcite) were weighted in individual 1 L plastic containers for
each experimental point. Powders were blended together using a turbular blender for
20 min. Homogeneity of the obtained powder samples was checked with TGA on
selected samples. Calcinationwas carried out on 300mL alumina crucibles. Calcined
samples were then stored in sealed containers until analysis.

For the assessment of the gibbsite effect, pure Al(OH)3, which was confirmed
to correspond to gibbsite as shown in Fig. 1, was intermixed with pure metakaolin
(MK), with a content of reactive material of 95%. The minerals were combined in

Fig. 1 XRD pattern of the pure gibbsite and metakaolin used in this study
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proportions of 100:1, 50:50 and 25:75 MK to gibbsite ratios. In addition, in the
50:50 point, the effect of gibbsite was compared to one of the quartz. The blends
were homogenized in the same manner as the systems containing calcite. Afterward,
calcination was performed at 800 °C for 1 h.

Isothermal calorimetry was used to assess the pozzolanic reactivity of calcined
clays. For this purposes, the R3 test proposed by Avet et al. [7] was selected due to its
reliability and ease of interpretation for calcined clay benchmarking purposes. The
test considering pozzolanic and interaction with calcium carbonate (simulated LC3-
50) was selected. In this procedure, calcined clay is mixed with portlandite, calcium
carbonate, potassium sulfate, potassium hydroxide and water at 40 °C and put into
glass ampoules inside the calorimeter under the same temperature conditions.

The R3 test procedure was applied to both calcined clays with calcite and gibbsite
impurities to assess their effects on reactivity.

3 Results and Discussion

3.1 The Effect of Calcite Impurities on Calcined Clay
Reactivity

Isothermal calorimetry tests were performed over the obtainedmaterials using the R3

method, in order to assess and compare the reactivity of the different calcined clays
in a quick and reliable manner. As a general trend, the highest increase in reactivity
is observed in all of the materials when increasing the calcination temperature from
600 to 800 °C. Figure 2 shows the heat flow (left) and total heat (right) plots for
materials calcined at 600 and 800 °C, with low (2%) and high (8%) calcite contents,
all of them calcined for low residence time (20 min).
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Fig. 2 Isothermal calorimetry results for materials calcined for 20min, at high and low temperature
and with different initial calcite content
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At 600 °C, there is little impact of the calcite, and increased contents produce
a slight increase in reactivity. At 800 °C, higher contents of calcite seem to have a
negative effect on clay reactivity; however, the difference between 2 and 8% initial
calcite materials is small (<10 J/g solids at 6 days of hydration).

Figure 3 shows the heat flow (left) and total heat (right) plots formaterials calcined
at 600 and 800 °C, with low (2%) and high (8%) calcite contents, all of them calcined
for high residence time (60 min).

At 600 °C and after increasing the residence time to 60 min, the effect is similar to
the one observed at 800 °C and low residence time (20 min). Reaction kinetics does
not seem to be significantly affected during the first 24 h of hydration. At 800 °C, the
difference in heat evolved at 6 days (144 h) is more significant. Hydration kinetics
seems also to be affected (sample M8 exhibits a slight acceleration during the first
12 h), suggesting that the nature of the metakaolin may have changed.

Specific surface area measurements were performed on the calcined clay samples
to try to elucidate the origin of the observed decrease in reactivity. It was seen that
in the materials with calcite, the specific surface area after calcination was lower
as compared to the materials without the impurity, even considering the originally
different surface of calcite and raw clay itself. SEMmicrographs of the calcined clay
with 8% calcite are allowed to observe the formation of a granular deposit on top
of the kaolinite particles, which may explain the measured decrease in surface and
reactivity (Fig. 4).

3.2 The Effect of Gibbsite Impurities on Calcined Clay
Reactivity

Figure 5 shows the results for the R3 test of the different mixtures of metakaolin
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Fig. 3 Isothermal calorimetry results for materials calcined for 60min, at high and low temperature
and with different initial calcite content
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Fig. 4 SEM micrograph of
kaolinite particle calcined
with 8% calcite, showing the
deposition of a granular
residue in part of its surface

Fig. 5 Reactivity of
metakaolin with calcined
gibbsite impurities measured
using the R3 test

and calcined gibbsite, and the comparison system blended with quartz. As observed,
the systems containing calcined gibbsite (obtained by thermal treatment in the same
conditions normally used for metakaolin production) show a decrease in reactivity,
but not below what would be expected for the level of dilution of metakaolin. This
shows that, while calcined gibbsite does not appear to be a reactive phase, it certainly
does not interfere with the normal dissolution of metakaolin.

The system with quartz provides another reference standard to benchmark the
behavior of the systems with initial gibbsite impurities. As seen, the heat release is
higher for the systemwith gibbsite, which can be attributed to the higher surface area
of the material used in comparison with quartz.
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4 Conclusions

• Based on the presented results, the following conclusions can be drawn.
• Calcite impurities in clay form a granular deposit on the surface of kaolinite which
reduces surface area and slightly impact reactivity. However, the effect is minor,
and therefore, calcite contaminated clays can be used as SCMs if the content of
impurities is in the range explored in this study.

• The presence of gibbsite in raw clays does not interfere with the normal reactivity
of the metakaolin available. Therefore, these clays are also suitable for production
of metakaolin and use as SCM.
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High Performance Illitic Clay-Based
Geopolymer: Influence
of the Mechanochemical Activation
Duration on the Strength Development

Baptiste Luzu, Myriam Duc, Assia Djerbi and Laurent Gautron

Abstract Demonstrate the feasibility of an illitic clay-based geopolymer is the pur-
pose of this study. If the thermal activation of standard precursors such as kaolin is
a well-known process, the reactivity of illitic precursors required the combination
of thermal and mechanochemical activation. The structural changes of the precursor
material submitted to various grinding durations were followed by X-ray diffrac-
tion (XRD), and Fourier transform infrared spectroscopy (FTIR) and the amorphous
phase rate calculated from XRD analyses were correlated with this parameter as
well as the compressive strength (Rc) of the manufactured geopolymers. Mechani-
cal properties increased with the grinding time and the decrease of L/S ratio of the
geopolymer paste. Illitic clay-based geopolymers may reach high performance as
demonstrated with a Rc at 28 days reaching 102 MPa. Finally, the relations between
the amorphization rate and the compressive strength of the geopolymers have been
highlighted.

Keywords Illitic clay-based geopolymer ·Mechanochemical activation ·
Amorphous rate · Compressive strength

1 Introduction

In order to develop new alternatives to ordinary Portland cement (OPC)with lowCO2

emission and optimized cost, the research works during the last ten years focused
on geopolymers which are well-known inorganic binders produced by the reaction
between an aluminosilicate raw material and an alkaline solution. In the alkaline
environment, the aluminosilicate material is quickly dissolved and monomers are
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formed (silicate and aluminate species) before the polycondensation reactions at the
origin of the formation of a tri-dimensional aluminosilicate network [1].

On one hand, many studies dealt with alkali activatedmaterials like ground granu-
lated blast furnace slag (GGBFS), fly ash-based geopolymers and metakaolin-based
geopolymers characterized by simple implementation because of their easy dehy-
droxylation [2]. However, several clay minerals could be used as aluminosilicate
precursors like illite. Indeed, illite (close to muscovite) is one of the most abundant
clayey minerals of the earth’s crust, and its chemical composition is (K, H30) (Al,
Mg, Fe)2 (Si, Al)4 O10 [(OH)2, (H2O)]. Activation of illitic clay and geopolymeriza-
tion with such precursor were the purpose of few papers [3, 4], but the performance
of the manufactured geopolymers remained far from one of the metakaolin-based
geopolymers because of the difficult dehydroxylation of illite [2].

On the other hand, the metakaolin reactivity was improved by coupling a
mechanochemical activation (dry grinding) with a thermal one, in order to reach the
most advanced degradation of kaolinite structure. The mechanochemical activation
leads finally to the decrease of the activation temperature [5, 6].

This study proposes to improve the reactivity of illitic raw materials by coupling
thermal andmechanochemical activations. The aim is tomake amorphous the precur-
sor and to remove OH from its structure. The structural changes after the precursor
treatment are studied through both XRD and FTIR analysis, and several geopoly-
merization tests have been realized in order to confirm the feasibility of an illitic
clay-based geopolymer with high mechanical performances.

2 Materials and Methods

2.1 Materials

The natural Romainville green clay (labeled AV) from parisian basin was used
to synthesize illite-based geopolymer. This material is partially composed of
illite/muscovite whose content may vary naturally in the clay-rich geological for-
mation. The tested material contained around 53 wt% of such clay assemblage. This
material is considered as a waste for engineering companies working on the Paris
Express Trainline construction sites and several thousand tons of these wastes will
be produced in the next five years.

The sodium silicate solution used for geopolymerization is realized from a sodium
silicate solution (Na2O/SiO2 = 0.31) supplied byVWR.Themolar ratiowas adjusted
with added sodium hydroxide pellets (VWR, 97% purity) in order to obtain a final
molar ratio Na2O/SiO2 = 0.54.
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2.2 Characterization of the Precursor

The precursor material was characterized at different steps of the activation process
by thermogravimetric analysis (TGA/DTA), X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR) and inductively coupled plasma–optical emission
spectrometry (ICP-OES). The TGA/DTA analysis has been carried out with a NET-
ZSCH STA 409 CD thermobalance under classical conditions and the XRD patterns
with a Bruker D8 Advance X-ray diffractometer (type θ−θ ). The EVA software cou-
pled with the ICDD pdf-2 database enables the identification of the major phases
present in the material. The quantitation of minerals was realized using the Rietveld
method using Topas 4.2 software. For the quantification of amorphous phase, the
internal method required the 15 wt% corundum addition to the ground tested sample.
The background has been described with a Chebyshev polynomial of the fifth-order
accompanied with the term 1/X. The FTIR spectrometer was a Nicolet 380 FTIR
spectrometer from Thermo Scientific. The resulting spectra were analyzed with the
OMNIC software fromNicolet.We used the device in themiddle infrared to visualize
the absorption bands from 400 to 4000 cm−1.

2.3 The Protocol of Precursor Activation

The precursor material was calcined during 2 h at 850 °C in a Nabertherm LE
114/11/B150 muffle furnace. This optimized calcination temperature was obtained
from the TGA/DTA analysis. Such temperature is positioned between 820 °C (tem-
perature corresponding to the end of the dehydroxylation of the clayey minerals) and
870 °C (corresponding to the beginning of the peak of structural reorganization of
illite until the appearance of mullite). The dehydroxylation corresponds to the diffu-
sion of the crystalline hydroxyl OH groups belonging initially to the clay structure,
followed by a progressive elimination under H2O form when the calcination time
increases [7].

The thermal activation has been coupled with a mechanochemical activation. A
high energetic planetary mill PM100 from Retsch has been used. Tungsten carbide
crucible and balls were used for grinding. The balls have a diameter of 30 mm and
a density equal to 14.8 g cm−1, while the quantity of material introduced into the
crucible is very small (around 100 g of illitic clay). The speed rotation of grinder was
400 rpm, the ball/powder mass ratio was 7.7, the grinding duration varies from 30
to 300 min. The materials obtained at the end of the activation processes are called
PX, where P indicates the planetary milling and X corresponds to the grinding time
in minutes.
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2.4 The Process of Geopolymer Manufacture

The alkaline solution (Na2O/SiO2 = 0.54) wasmixedmechanically during 3.5min in
a pale mixer with the activated precursor by respecting a liquid/solid mass ratio (L/S)
from 0.5 to 1.0. Geopolymer pastes were casted in 33mmper 50mmcylinders before
a 3 min vibration on a vibrating table in order to remove air bubbles. Formulations
were done for 3 to 9 specimens for the estimation of test repeatability. After this
step, the samples were placed successively in an oven at 40 °C during 24 h and
at 70 °C during 24 h more. After curing the specimens were unmolded and stored
in hermetically sealed plastic bags to prevent micro-cracking due to low moisture
content until they were tested in compression.

2.5 Geopolymers Characterization

AControlab automatic press was used for mechanical test conducted with a constant
charging speed of 2400 N/s. The compressive strength values (Rc in MPa) presented
in the results section are the average values from three test pieces formulated under
the same conditions. The compressive strength (Rc) of the samples was measured at
2, 7 and 28 days after the end of the manufacturing.

3 Results and Discussion

3.1 Characterization of Raw Material and Thermally
Activated Precursor

The chemical analysis of the precursor before and after thermal activation shows
in Table 1 high SiO2/Al2O3 mass ratios, equal to 3.7 and 3.5 for AV and AV850,
respectively. The large quantities of K2O and Fe2O3 confirm the presence of illite
and the low amounts of CaO and MgO indicate the minor presence of calcite and
dolomite.

The XRD quantification in Table 2 confirms the presence of illite + muscovite
(I + M) in high quantity. The other clay minerals are montmorillonite (Mtm) and
chlorite (Ch) while in the un-clayey minerals a large quantity of quartz and a smaller
amount of feldspar, calcite, diopside and hematite can be observed.

Once calcined at 850 °C, the amount of illite + muscovite decreases from 53 to
40 wt% but does not disappear while the quantity of amorphous phase increases from
about 0 to 20 wt%. So, the clay calcination at 850 °C is not enough for complete
amorphization of illite/muscovite clay mineral. It can be noted that the intensity of
the main peaks of the carbonate phases (calcite and dolomite) decrease considerably
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after the calcination at 850 °C due to decarbonation which starts at 400 °C and ends
at about 650 °C.

3.2 Determination of the Optimal Grinding Time
for Mechanochemical Activation

On Fig. 1, the six diffraction patterns show the evolution of the mineral composition
of the precursor, while the grinding is processed from 30 to 500 min. First, the firing
of the green clay at 850 °C is not enough to amorphize illitic clay because of the
persistence of the illite+muscovite peak at 10° 2θ. With increasing grinding times,
all peaks display a decreasing intensity and illite + muscovite almost disappears
after 3 h of grinding. The amount of amorphous phase increases from 20 wt% for
AV 850 to 49 wt% (see Fig. 2) which is the maximum reached after 180 min. After
3–4 h of grinding, the remaining crystalline phases are mainly quartz and feldspar.

The presence of illite/muscovite in the precursor was confirmed by the FTIR
analysis (Fig. 3) with the presence of the broad OH-stretching band at 3620 cm−1

coupled with the band at 915 cm−1. Firing the precursor at 850 °C causes the dis-
appearance of the OH bands for clay minerals. The FTIR study evidences a shift of

Fig. 1 XRD of Romainville green clay AV before and after various activations. AV: initial green
clay, AV850: green clay calcined at 850° C, PX: green clay calcined andmechanochemical activated
in a planetary mill during X minutes. I+M: illite+muscovite, Ch: chlorite, Q: quartz, F: feldspar,
C: calcite, D: dolomite, A: anatase
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Fig. 2 Comparison of the mineralogical composition of thermo-mechanically activated precursor
and theRc at 48 h after geopolymerization versus the grinding time of green clay previously calcined
at 850 °C

the band corresponding to the Si-O-Si bond from 1030 cm−1 for the initial green
clay to 1090 cm−1 after thermal and mechanochemical activation (for the samples
P240 and P300). In general, changes in the Si-O stretching bands (1113, 1030 and
1090 cm−1) coupled with the disappearance of the Al-O-Si band at 529 cm−1 involve
a distortion in tetrahedral and octahedral layers of the clay minerals [8]. This band
displays also a shape enlargement after 3 h grinding. After that, the band centered
at 1090 cm−1 seems refined. This change of shape indicates a stacking disorder in
clay minerals [9]. After thermal activation, the band at 550 cm−1 that corresponds
to Al(VI)-O-Si, vanishes after 1 h grinding and one other band appears at 512 cm−1

from 2 h grinding. This shift involves the environmental modification of the Al(VI).
Furthermore, the higher area for this band is measured for 4 h of grinding.

In the highest wavelengths, the broadband centered at 3425 cm−1 relative to
hydroxyl groups is divided into two bands (3590 and about 3300 cm−1) after 30 min
grinding time. This means that all the dehydroxylated OH groups are removed from
calcined clay but when the grinding time increases (above 30 min), some water
molecules from atmosphere are probably re-absorbed and leads to the appearance of
bands at about 3430 and 1635 cm−1 [10].

In order to fix the grinding time, a first geopolymerization testwas realized for each
grinding times. The liquid/solid (L/S) mass ratio chosen was 1.0 and 3 specimens
were manufactured for each type of activated precursor. Their compressive strength
displayed in Fig. 2 was tested at 48 h and coupled with the XRD quantification. The
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Fig. 3 FTIR spectra of the Romainville green clay before and after various activations

value of the Rc for AV850 is zero because the geopolymer paste was not hardened
after 48 h (despite the cure protocol). If the maximum amorphous amount is reached
after a 180 min grinding (about 49 wt%) and the decrease of the illite + muscovite
quantity stops from this milling time, the maximum compressive strength (Rc =
63MPa) is reached for 240min.After thismilling time,Rcdoes not increase anymore.
In conclusion, the amorphous rate does not pretend to be the only parameter to
make a goodgeopolymer precursor. Indeed, themechanochemical activation involves
significant structural changes and after several hours, the particles aggregate and
the specific surface area decreases but these aggregates are composed of spherical
nano-particles, whereas before grinding the particles were angular [11]. After 4 h
grinding, the particles should be too compact and the reactivity does not increase
anymore [6, 8, 10].

3.3 The Effect of L/S Ratio on the Compressive Strength
of Geopolymers

The grinding time was fixed at 4 h while values of L/S mass ratio varied (L/S =
1.0, 0.75 and 0.5). Nine samples were manufactured for each L/S mass ratio. When
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Fig. 4 Compressive strength Rc of AV850P4.0 at 2, 7 and 28 days with L/S mass ratios equal to
0.5, 0.75 and 1, respectively

the L/S ratio is decreasing in Fig. 4, the compressive strength displays a slightly
increase versus time. The best Rc measured in the present study is about 102 MPa
and is reached for a L/S mass ratio of 0.5 after 28 days, with a coupled thermo-
mechanochemical activation (calcination at 850 °C followed by a 4 h planetary
grinding). For the higherL/S, theRc changes little over time, thereby the cure protocol
allows the development of 92% of the maximum compressive strength at 48 h.

4 Conclusions

This study demonstrated that illitic geopolymers can be manufactured with high
mechanical strengths. A thermo-mechanochemical activation allows the improve-
ment of the precursor reactivity and the optimal grinding time with a planetary mill
is 4 h. The L/S mass ratio equal to 0.5 leads to a high performance geopolymer with a
compressive strength up to 102 MPa after 28 days. These results need to be comple-
mented by microstructural and durability studies on the tested samples. In addition,
there is still 13 wt% of illite + mucovite after the complete activation process, the
amorphous content could be increased with the optimization of mechanochemical
activation parameters such as the ball: powder mass ratio.
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Performance and Properties
of Alkali-Activated Blend of Calcined
Laterite and Waste Marble Powder

Luca Valentini, Ludovico Mascarin, Maria Chiara Dalconi, Enrico Garbin,
Giorgio Ferrari and Gilberto Artioli

Abstract This contribution reports on some preliminary studies on the use of lat-
eritic soils from Cameroon as raw materials for the production of alkali-activated
binders. These soils contain about 40–60% kaolinite and variable amounts of quartz,
hematite, and otherminor phases. After calcination at 800 °C, thismaterial is blended
with up to 30% waste marble powder, which is produced in large amounts during
quarrying, cutting, and processing of marble. The results of our tests show that a
careful mix design allows a good mechanical performance to be achieved, with the
values of the cubic compressive strength larger than 30 MPa after 28 days. The role
of Fe on the performance of this material is investigated by comparison with Fe-free
blends of commercial metakaolin, waste marble powder, and quartz. Calorimetric
data suggest that the use of alkanolamines as Fe chelating agents may accelerate the
early-age reactivity, depending on dosage, although the effect on the development
of mechanical properties is minor. It is argued that alkali-activated calcined laterite
represents a viable option for the development of sustainable binders, especially for
the African market, where it could be used, for example, to produce compressed
stabilized earth blocks, in substitution of masonry units based on Portland cement or
fired clay bricks. The use of waste marble powder adds further environmental value
to this material.

Keywords Laterite · Alkali activation ·Marble powder

1 Introduction

Research into sustainable cementmaterials based on calcined clays is gaining consen-
sus, as it has now become clear that abundant, worldwide available, and relatively
low-cost raw materials are necessary for a scenario of rising demand of building
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materials. Clayminerals are abundant in soils (Fig. 1), particularly in tropical regions
and, more in general, in developing countries (Fig. 2).

Lateritic soils consist of impure, iron-rich kaolinite deposits, which are partic-
ularly abundant in the subequatorial areas of the African continent. Laterites may
potentially represent a viable rawmaterial for the production of sustainable cement in
the African continent, where urbanization is increasing at a fast pace. Recent estima-
tions envisage that in 2100, three African cities (Lagos, Kinshasa, Dar-es-Salaam)

Fig. 1 Global distribution of kaolinite (top), illite (middle), and smectite (bottom) in soils.Modified
from [1] CC Attribution 3.0 License
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Fig. 2 Real GDP growth in 2019. Growth proportional to the intensity of the green color (compare
with clay distribution in Fig. 1). Data from the International Monetary Fund (www.imf.org)

will become the most highly populated settlements in the world, each with over
70 million inhabitants [2]. Given the current dramatic backlog in providing adequate
and affordable housing in the continent, producing sustainable and reliable building
materials based on locally available and cheap raw materials, in order to relieve the
economic and environmental burden associated with import from other continents,
will represent a key technological and societal challenge.

In this study, we test the behavior of alkali-activated calcined clays produced
from laterites sampled in Cameroon. Prior to alkali activation, the calcined laterite
is blended with marble powder, a waste material produced during marble quarrying,
cutting, and polishing. The disposal of this material poses severe environmental
issues [3, 4], hence the further environmental value of its reuse in cement binders.
Previous studies suggested that the addition of waste marble powder may enhance
the properties of alkali-activated calcined clays [5].

In the present study, a series of analyses are performed to assess the role of Fe in
the processes associated with the alkali activation of calcined clays.

2 Materials and Methods

Laterite soil samples were collected in Yaoundé (Cameroon) and consist of kaolinite,
quartz, Fe-hydroxide (goethite), Fe-oxide (hematite), Ti-oxide (anatase), and traces
of Al-hydroxide (gibbsite). This material was ground and thermally treated at 800 °C
for 5 h. Upon calcination, goethite is converted to hematite and kaolinite is converted
to metakaolinite, as testified by the disappearance of the basal peak at 14.32° 2θ

http://www.imf.org
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Fig. 3 Calcined laterite XRD pattern. Phase labels: Q = quartz; H = hematite; CR = corundum
(internal standard); A = anatase

and of the 020 peak at 23.12° 2θ in the diffraction pattern (Fig. 3). The starting
mix consisted of 70 wt% calcined laterite and 30 wt% marble powder. The latter
consists of 100% calcite with Mg impurities. Sodium silicate pentahydrate was used
as alkaline activator.

Compressive strength tests were performed on the above mix, as well as on a
Fe-free mix consisting of commercial metakaolin blended with marble powder and
fine quartz. Quartz was added with the aim of diluting the amount of metakaolinite,
to match the weight fraction contained in the calcined laterite, in order to separate
the effect of Fe with that of metakaolinite content. Moreover, additions of 0.2 wt%
alkanolamines were performed with the aim of testing the effect of such additives
acting as Fe chelating agents. The amount of this additive was calibrated on the XRF
concentration of Fe in the laterite, which is about 20%.

3 Results

The phase composition of the reacted mix after 20 days, as obtained by XRD com-
bined with the PONKCSmethod [6, 7], shows that approximately half of the initially
present metakaolinite has been dissolved. Calcite (present in the marble powder) and
hematite are also partially dissolved. The formation of an X-ray amorphous phase
is testified by the presence of a diffuse scattering hump at 30° 2θ in the diffraction
pattern (Fig. 4).

The maximum measured compressive strength is 29.0 MPa at 7 days and
32.2 MPa at 28 days. The compressive strength of the Fe-free metakaolin sample is
approximately 15% higher.

The results of semi-adiabatic calorimetry show that the early-age reaction kinetics
is accelerated in the presence of 0.2% alkanolamines (Fig. 5). However, only minor
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Fig. 4 XRD pattern of the alkali-activated blend. Phase labels: Q = quartz; H = hematite; CR =
corundum (internal standard); Cc = calcite

Fig. 5 Heat released by the reference alkali-activated blend of calcined laterite and marble
powder and by the samples with additions of alkanolamines (TIPA: Triisopropanolamine; TEA:
Triethanolamine)

changes in the 7 days compressive strength were detected in the samples containing
these additives.

SEM-EDX spot analyses suggest that the composition of the matrix of the reacted
material is compatible with that of a N-A-S-H phase, in which non-negligible
amounts of Ca and Fe are present. Further research will be needed to clarify the
exact nature of the reaction product and whether Fe may play a structural role in it.
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4 Conclusions

The results of this study show that alkali-activated cement with an appropriate
mechanical performance can be produced using a blend of calcined laterite, a cheap
raw material that is particularly abundant in Africa, and waste marble powder, a
secondary raw material that is also available in this continent [8, 9]. The use of com-
mercial sodium silicate as alkaline activator may pose limitations due to high cost
and environmental impact. However, combinations of primary and secondary raw
materials rich in Na and Si, such as sodium carbonates present in geological deposits
and vegetable ashes or waste glass, could be used as an alternative cheap and less
impacting solution. These materials are promptly available in the African continent.

The presence of Fe seems to affect the development ofmechanical strength only to
a minor extent. The use of small amounts of Fe chelating agents in the mix improves
the early-stage reactivity, although no significant variations in the 7 days compressive
strength are observed. Further research will be necessary to understand the exact role
of Fe on the dissolution–precipitation pathways.

We conclude that laterite soils represent a promising raw material for the pro-
duction of sustainable binders in specific geographical locations and encourage
additional studies on their exploitation to be performed.
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Identification and Activation of Coal
Gangue and Performance of Limestone
Calcined Gangue Cement

Bin Wang, Tongbo Sui and Hao Sui

Abstract Gangue, a typical waste associated with the coal mining process in north-
ern China, was characterized before and after thermal treatment by XRF, XRD,
TGA-DSC, and SEM. The pozzolanic reactivity of calcined gangue with different
calcined temperature was tested by standard mortar strength and R3 calorimetry test.
The performance of blended cement was evaluated by mortar strength and flow. The
XRD and TGA-DSC analyses showed that the main minerals that present in the
raw gangue were kaolinite, and a small amount of carbon-based compounds and
metakaolin were almost the only phase in calcined gangue. After thermal treatment
and depending on the temperature, it showed very high reactivity especially com-
bined with limestone. The strength property of limestone calcined gangue cement
with 45% replacement of clinker was higher than reference cement (CEM I 42.5 N)
on 7 and 28 days. Furthermore, it is found that the calcined gangue has less influence
on the workability of LC3 according to particle morphology compared with a typical
calcined clay, based on the results of SEM observation.

Keywords Coal gangue · Reactivity · Blended cement · Performance

1 Background

Coal gangue is a rock mixed with organic and inorganic compounds co-deposited
with coal during coal formation. Usually in a thin layer and in the coal seam or in the
top and bottomof the coal seam, gangue is typical solidwaste dischargedwhen coal is
excavated andwashed in the production. In China, the total of accumulative stockpile
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of coal gangue has been reached 4.5 billion metric tons. Such large quantities of the
solid waste have not only occupied a great deal of land but also become harmful in
initiating geologic hazards and land degradation [1].

Many studies have been carried out to investigate the abundantly utilize coal
gangue in building materials, such as to replace ordinary sand or calcined with
additional lime as cementitious materials [2–4]. Considering the fact that China is a
country with more than half of world cement production, utilization of calcined coal
gangue with the LC3 solution is expected to lead to a significant disposal capacity
of solid waste and contribution to CO2 mitigation of cement industry.

This article aims to study the pozzolanic reactivity of gangue in the InnerMongolia
after calcination, and the mechanical performance of limestone calcined gangue
cement.

2 Raw Materials and Experiment

2.1 Raw Materials

The coal gangue sample was separated to reduce coal content based on the density
by calculating volume and weight of the ores. The other raw materials used for this
study include PI cement (CEM I 42.5 N), gypsum, and limestone with their chemical
component and were shown in Table 1.

2.2 Experiment

The chemical composition measured by Bruker S8 TIGER XRF analysis; the min-
eralogical composition measured via Bruker D8 ADVANCE XRD analysis; ther-
mal analysis conducted with Mettler Toledo analyzer in a temperature range of
30–1000 °C at a heating rate of 10 °C/min and N2 or O2 atmosphere.

Mortar strength test: prismatic mortar specimens with dimensions of 40 × 40 ×
160 mmwere prepared with w/c ratio of 0.50 and sand/cement ratio of 3.0 and 20 °C
standard curing (equal to ISO standard) at targeted ages from 1d, 3d, 7d, 28d to 90d.

The reactivity test—mortar strength method: comparison measurement of 28-day
age mortar strength for reference cement and targeted samples prepared by reference
cement with 30% replacement by calcined gangue.

The reactivity test—R3 calorimetrymethod: heat released by isothermal calorime-
try for a paste prepared with calcined gangue: Ca(OH)2 = 1:3, w/b= 1.2, etc., tested
under 40 C°C which has been detailed on basis of RILEM TC TRM-Protocol for R3

model paste preparation and test procedure [5].
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3 Results and Discussion

3.1 Mineralogical Composition of Coal Gangue

The chemical composition of coal gangue sample by XRF analysis was shown in
Table 1. The results show that the main chemical elements in the samples are silicon
and aluminum, and the total amount of other elements is less than 1.5%. The miner-
alogical composition measured via XRD analysis shown in Fig. 1. It is shown that
kaolinite is almost the only mineral phase in raw gangue from the XRD pattern.

Thermal analysis (TGA-DSC) was also conducted to identify the purity of kaoli-
nite both in nitrogen and in oxygen atmosphere. From Fig. 2, the gangue sample has

Fig. 1 X-ray diffract pattern of raw gangue

Fig. 2 Thermal analysis curve of raw gangue
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an obvious weightlessness step between the temperature range from 350 to 700 °C
on the TGA curve and a corresponding endothermic peak on DSC curve in N2 atmo-
sphere. This can be considered to be due to the dehydration of kaolinite. Comparing
with the curves in O2, it can be found that the weight loss mass increases with a weak
exothermic peak during the same temperature range due to the oxidation of carbonyl
compounds. Therefore, thermal analysis results show that the main components of
the gangue sample are kaolinite, and a small amount of coal and the kaolinite content
can be calculated through the weight loss in N2 atm. which is 84.93%.

3.2 Thermal Activation

The bulk raw gangue sample was crushed into small pieces of 1–3 mm and then
calcined in electric furnace under designated thermal activation history (various cal-
cined temperature and same two-hour holding time). After calcined, the samples
were cooled under ambient temperature and ground in a laboratory ball mill for
30 min. Residue of the ground calcined gangue after passing through 45 μm square
mesh sieve was controlled below 5%. XRD analysis was also conducted for the 5
calcined samples with the results shown in Fig. 3. It is found from the pattern that the
diffraction of the samples is generally amorphous and the characteristic diffraction
peak of kaolinite around 2θ = 12° and 25° is remarkably reduced and after calcina-
tion, it completely disappears at 800 °C. And the crystallization of θ-Al2O3 can be
found in 900 °C calcined sample from the red pattern in Fig. 3.

Fig. 3 X-ray diffract pattern of different temperature calcined gangue
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3.3 Reactivity of Calcined Gangue

Raw gangue was thermally treated in laboratory furnace at different temperature
for 2 h and then cooled down in air to produce calcined gangue (CG). The burning
temperature andphysical performanceof cementmixtureswith 30%CGused asSCM
can be seen in Fig. 4. It shows that thermal activation has an important influence on
the reactivity of CG. And the best burning temperature as can be seen is between
800 and 850 °C.

Heat release by isothermal calorimetry for a paste based on R3 model was also
measured to characterize the effect of calcination temperature on the activity of CG
that shown in Fig. 5. It can be seen that R3 calorimetry test can well demonstrate the
reactivity of calcined gangue with its results in agreement with mortar strength test,
and the cumulative heat release from 75 min to 3 days of the CG samples calcined at
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Fig. 4 Mortar strength and reactivity index of different temperature calcined gangue

Fig. 5 Three days of
cumulative heat of different
temperature calcined gangue
with R3 calorimetry test



Identification and Activation of Coal Gangue and Performance … 387

800 °C and 850 °C is the largest, indicating that the reaction activity of those is the
highest. The 28-day mortar strength and pozzolanic reaction heat release of gangue
calcined at 900 °C are both the lowest, which should be related to the decomposition
of metakaolin and the crystallization of alumina. The 800 °C calcined gangue with
the highest reactivity was selected for the following LC3 performance test.

3.4 Performance of LC3 Materials

Three LC3 cement samples with the same clinker factor (0.50) and different ratios
of calcined coal gangue and limestone were prepared to test the physical perfor-
mance in comparisonwith reference cement and limestone calcined clay (CC) cement
(Table 2). The clay is a typical kaolin clay with around 60% kaolinite and perfect
calcined in rotary kiln (see Table 1). The results of mortar flow show that the negative
effect of calcined coal gangue on the workability of cement is much less than that of
calcined clay.

Mortar strength test was conducted for LC3-50 in Fig. 6. It is found that the early
age strength prior to 7-day of all samples is lower than the reference, except the LC3-
CG with 2 to 1 ratio has a little bit higher strength at 7 days. While at 28-day and
90-day, the samples of LC3-CG with 2:1 and 1:1 ratio show excellent performance
which is significantly higher than the reference cement. And the samples of LC3-
CG with 15% CG and 30% limestone exhibit similar strength to the reference and
LC3-CC cement with 30% CC and 15% limestone.

Table 2 Component of LC3 materials

No. Cement component w.t % W/C Flow/mm

Clinker Calcined
gangue

Calcined
clay

Limestone Gypsum

Control 95 – – – 5 0.50 225

LC3-CC
2:1

50 – 30 15 5 0.50 160

LC3-CG
2:1

50 30 – 15 5 0.50 192

LC3-CG
1:1

50 22.5 – 22.5 5 0.50 197

LC3-CG
1:2

50 15 – 30 5 0.50 204
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3.5 Micromorphology of Calcined Gangue

Scanning electron microscopy (SEM) was used to observe the micromorphology of
powder particles and to analyze the influence on physical properties. As can be seen
in Fig. 7, the typical calcined kaolin clay (see Fig. 7b) retains the layered kaolinite
structure. Therefore, the large number of interlayer spaceswill absorbwater, resulting
in a significant increase in water demand of LC3-CC. In contrast, kaolinite minerals

(a) Calcined gangue (b) Calcined kaolin clay

Fig. 7 Micromorphology of calcined gangue
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in coal gangue do not have layered structure, and the surface of calcined and grinded
particles is smooth (Fig. 7a), so it has less influence on the workability of LC3-CG.

4 Conclusion

(1) A kind of Chinese wastematerial, coal ganguewas identified via XRD and TGA
for quantitative analysis. The reactivity of the calcined ganguewas characterized
by both mortar strength test and isothermal calorimetry test.

(2) LC3-50with 15% calcined gangue and 30% limestonewas proved to give equiv-
alent 28-day and 90-day compressive strength when compared with reference
cement while 30% calcined gangue and 15% limestone can make the strength
higher after 7 days.

(3) Calcined gangue has less influence on the workability of LC3 compared with
calcined clay due to the difference of particle morphology.
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Activation of Early Age Strength in Fly
Ash Blended Cement by Adding
Limestone Calcined Clay (LC2) Pozzolan

Anuj Parashar, Satya Medepalli, Vineet Shah and Shashank Bishnoi

Abstract The low early age strength gain of fly ash-based Portland pozzolana
cement (PPC) poses a challenge in many applications. This study tries to improve
the early age strength gain of fly ash-based PPC by blending it with limestone cal-
cined clay pozzolan (LC2). Ordinary Portland cement was blended with a typical
low calcium fly ash (FA) at replacement levels of 30 and 40% termed as PPC-30%
and PPC-40%, respectively. To enhance the mechanical performance of PPC-30%
and PPC-40%, the fly ash was blended with LC2 in 1:1 mix proportion. Hydration
and strength gain were evaluated using isothermal calorimetry and strength activity
tests. Heat evolution results show that the addition of LC2 pozzolana has increased
the early age hydration of the blended pastes. Strength activity index of mortar
showed improvement in early age performance in both the mixes compared to PPC.
Moreover, 30% replacement by LC2 is found to be more beneficial and can achieve
strengths comparable to that of OPC.

Keywords Fly ash · LC2 · Strength improvement

1 Introduction

Pozzolans have been used in the cement for many centuries to increase the perfor-
mance of cements [1]. In the last many decades, the use of supplementary cemen-
titious materials in cement has gained prominence due to the increasing concern
of global warming and CO2 emissions from the cement industry. Many industrial
by-products such as fly ash, slag, silica fume were used as a partial replacement of
cement to replace as much as 30% in case of fly ash to 80% in case of slags. The
quantity of these by-products such as slags, silica fume is less compared to volumes
required to replace a part of the cement, and hence, almost all of it is used. Fly ash is
generated in substantial quantities as coal is a major fuel source in many countries
[2, 3]. Due to the vast amount of fly ash generated, its usage has also increased and
is now standardized everywhere [4, 5]. It is also well known that the use of fly ash in
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cement has increased the performance of cements [6–8] apart from environmental
and economic benefits. However, the early age strength development in these blended
cements is still a concern for many applications.

Calcined clay is also becoming popular in the last few decades due to the avail-
ability of vast resources of kaolinitic clay in many parts of the world. Research has
already been carried out to show that the use of calcined clay increases the over-
all performance of cement [9–11]. It is also used in combination with limestone to
make limestone calcined clay pozzolana which has proved to be an effective poz-
zolana due to the synergy effect between these two materials [9, 12]. It was also
used for high volume replacement of clinker as in the case of limestone calcined clay
cements [13, 14]. The current study focusses on the use of limestone calcined clay
pozzolana to reduce the shortcoming of fly ash by blending these two materials in
equal proportions.

2 Materials and Methods

2.1 Materials and Mixes

A class F fly ash and LC2 from industrial production [14] are used in this study
along with OPC 43 grade cement [15]. Table 1 lists the chemical composition of the
raw materials. LC2 pozzolana has limestone and calcined clay in 1:2 proportions.
Low-grade limestone and 60% kaolinitic clay were used in the production of LC2.
The mix proportion of the different blends with fly ash and LC2 is listed in Table 2.
Usual clinker replacement of 30% along with high volume replacement of 40% is
studied. 5% gypsum by weight is added in all the mixes.

Table 1 Oxides composition
of raw materials

Oxides (weight %) OPC Fly ash LC2

Loss on ignition 2.46 1.74 10.18

Silica (SiO2) 21.84 67.66 36.41

Iron (Fe2O3) 3.62 5.32 3.58

Aluminum (Al2O3) 4.37 22.18 29.20

Calcium (CaO) 60.49 0.32 16.35

Magnesium (MgO) 2.50 0.18 1.44

Sulphate (SO3) 3.18 0.02 –

Sodium (Na2O) 0.54 0.43 –

Potassium (K2O) 0.57 1.60 –
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Table 2 Mix proportions of
different blends in this study

Mix OPC (%) Fly ash LC2

OPC 100 – –

PPC-30% FA 70 30% –

PPC-40% FA 60 40% –

PPC-30% LC2 + FA (1:1) 70 15% 15%

PPC-40% LC2 + FA (1:1) 60 20% 20%

2.2 Experimental Methods

An isothermal calorimeter was used in this study to rate of heat flow during cement
hydration at a standard temperature of 27 °C till 7 days for all the blends in this
study. Water to binder ratio of 0.45 was used for all mixes. 7.06 cm cubes were cast
for compressive strength tests on mortar samples using binder to sand ratio of 1:3.
After keeping for 1 day in a moist environment, the cubes are de-molded for curing
in a temperature-controlled water bath maintained at 27 °C till testing. Testing was
carried out at 1, 3, 7, and 28 days.

3 Results and Discussion

3.1 Heat of Hydration

The cumulative rate of heat evolution per gram of OPC for all the mixes is shown
in Fig. 1. It is well known that the fly ash addition helps in the reduction of heat

Fig. 1 Cumulative heat release plot for blended cements
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release, which can also be observed in the results. A small increase in case of PPC
40% could be due to the filler effect which also increases the cumulative heat release
during cement hydration.

In case of FA+LC2, results clearly showa significant acceleration in the hydration
reaction which was due to addition of LC2 pozzolan. Due to the high solubility of
clay in comparison with fly ash, the hydration reaction of LC2 occurs at early ages,
while fly ash behaves as a filler. This early age hydration results in the increase
of cumulative heat release. This behavior also contributes due to the formation of
additional hydration products such as carboaluminates and helps in stabilizing the
ettringite in hydrated cement system [9, 12]. This acceleration in hydration also helps
in strength gain even at early ages as will be observed in the next section.

3.2 Compressive Strength

The compressive strength of allmixeswas comparedwith the help of strength activity
index. The results are plotted with respect to the strength of OPC mortar at each
testing age (see Fig. 1). Results indicate that the blending of fly ash with OPC at
both the replacement levels (30 and 40%) affect the early age strength development.
This effect was increased with an increase in the replacement level. However, in both
cases, the strength gain has improved at later ages. In the case of higher replacement
content such as in PPC 40%, the strength gain is affected significantly leading to poor
strength gain at early ages. Blending of limestone calcined clay pozzolana along with
fly ash has significantly improved the early age strength. In both cases, PPC 30%
(LC2 + FA) and 40% (LC2 + FA), strength improvement was seen at all the ages
corresponding to PPC 30 and PPC 40. Especially at the age of 3 days and 7 days, the
strength activity index for PPC 40% (LC2 + FA) was 81% and 103%, respectively.
Similarly, for PPC 30% (LC2 + FA) strength activity index at the age of 3 days as
well as at 7 days was 98%. In both cases, the acceleration in strength gain at early
age was conformed from the result (Fig. 2).

4 Conclusions

This study tried to improve the low strength gain behavior at early ages of fly ash-
based PPC made in the laboratory by blending OPC with 30 and 40% fly ash. By
maintaining fixed replacement levels, the fly ash and LC2 were blended in 1:1 mix
proportion with OPC at 30 and 40% replacement levels.

• The fly ash blends at 30% and 40%, only acts as an inert filler, and does not
enhance the hydration at early ages as observed from the calorimetry results. A
slight increase in the total heat is a result of availability of additional water for
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Fig. 2 Strength activity index of blended cements

hydration of OPC. Also, fly ash during this stage provides additional nucleation
sites for hydration products of OPC.

• The calorimetry results indicate that the addition of LC2 significantly accelerated
the hydration as a higher amount of heat was released. This behavior helps in the
formation of hydration products at an early age due to rapid dissolution of LC2.

• The addition of LC2 has a positive effect on the early age strength gain in the case
of fly ash-based PPC. The strength activity index data showed an acceleration in
strength gain at both the replacement levels. This behavior was confirmed with the
help of the heat of hydration results also.
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Density of C-A-S-H in Plain Cement
and Limestone Calcined Clay Cement
(LC3)

François Avet and Karen Scrivener

Abstract The density of C-A-S-H was investigated by 1H-nuclear magnetic reso-
nance (NMR) on white plain cement and LC3. Despite the high variations in binder
composition, the density of the C-A-S-H is found similar between all the systems,
also being independent of the calcined kaolinite content of calcined clay in LC3.

Keywords C-A-S-H · Density · Hydration

1 Introduction

The combination of limestone and calcined clay inLimestoneCalcinedClayCements
(LC3) permits to continue decreasing the clinker factor in cement. This will over-
come the issue of global shortage of traditional SCMs such as fly ashes or slags [1,
2]. The hydration of LC3 benefits from additional reactions compared with plain
cement. The pozzolanic reaction of metakaolin in calcined clay mainly leads to the
formation of C-A-S-H [3]. The calcite from limestone reacts with the aluminate from
the clinker to form carboaluminate hydrates [4, 5]. This reaction is limited by the
amount of aluminate of clinker. In LC3, the metakaolin provides extra aluminate,
which enhances the formation of carboaluminates [6]. Most of hydration products
are well-characterized due to their fixed stoichiometric composition and density.
However, the main hydration product, C-A-S-H, faces changes in composition and
possibly in terms of morphology depending on the binder composition [7–10]. In
this study, the objective is to investigate the density of C-A-S-H. The density will
be determined by 1H-nuclear magnetic resonance (NMR) combined with mass and
volume balance. LC3 blends with various kaolinite contents in clay are compared
with plain cement.
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2 Materials and Methods

The use of 1H-NMR requires materials with low iron content. A white cement was
used. Due to the very low alkali content of the white cement, the alkali and sulfate
content was adjusted in order to ensure similar hydration to gray cement. Most of
the clays contain relatively high amount of iron as well. Two calcined clays were
used, with 95.0 and 39.0% of calcined kaolinite. Two other systems were studied, by
diluting the 95.0% kaolinitic clay with 50 and 75% of quartz. The calcined kaolinite
content of these two mixes was 47.5 and 23.8%. The characteristics of the cement,
limestone and clay used are shown in Table 1.WLC3-50was cast, with about 55 parts
of adjusted white cement, 30 parts of calcined clay and 15% of limestone. Cement
pastes were cast using water to binder ratio of 0.4. The fresh pastes were directly
injected in the 1H-NMR glass tubes and sealed. The samples were then tested at
28 days of hydration.

For 1H-NMR experiments, the Carr-Purcell-Meiboom-Gill (CPMG) sequence
was run on the different systems to measure the signals of the liquid water in cap-
illaries, gel pores and C-A-S-H interlayer. The amount of “solid” water bound to
portlandite, ettringite and AFm phases is detected by the quad-echo (QE) sequence.
A combination of mass balance and volume permits to determine the density of the
C-A-S-H phases, following the procedure described by Muller in [11].

Table 1 Physical and chemical characteristics of the calcined clays, quartz, white cement and
limestone used

Calcined clays Quartz White cement Limestone

Calcined kaolinite content
(wt%)

95.0 39.0 0 – –

Dv,50 (µm) 5.1 10.8 11.2 7.4 7.2

BET specific surface (m2/g) 9.6 10.7 1.2 1.3 1.8

SiO2 52.0 71.0 99.8 24.2 0.1

Al2O3 43.8 23.4 – 1.9 –

Fe2O3 0.3 1.0 – 0.3 –

CaO – 0.3 – 69.2 55.0

MgO – 0.4 – 0.7 0.2

SO3 0.1 – – 2.0 –

Na2O 0.3 0.2 – 0.2 0.1

K2O 0.1 1.4 0.1 0.1 –

TiO2 1.5 1.2 – 0.1 –

P2O5 0.2 0.2 – 0.3 –

MnO – – – – –

Others 0.1 – – 0.3 –

LOI 1.5 0.9 0.1 0.9 42.6
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3 Results

The water distribution at 28 days for the different systems is shown in Fig. 1. The
classes of water are classified from the shortest to the longest relaxation time of
the hydrogen spins. The solid water is higher for the reference plain white cement
(WPC). This is explained by the pozzolanic reaction of the metakaolin in calcined
clay. This leads to the consumption of portlandite. However, the decrease is only
about 20%, while the portlandite is almost fully consumed, as shown in [12]. This
relatively low decrease can be explained by the dominance of ettringite, a water-rich
phase, in the solid water signal, combined with the higher formation of AFm phases
in WLC3-50 systems. The amount of C-A-S-H interlayer water is the lowest for
WLC3-50 (23.8%). This is due to the low metakaolin content for this blend, leading
to a lower amount of C-A-S-H formed during the pozzolanic reaction. The amount
of interlayer is similar for the other WLC3-50 blends, which is in agreement with
the reaction degree of metakaolin observed in [12]. The ratio of gel to interlayer
water is globally higher for the WLC3-50 blends compared with WPC. Finally, the
amount of capillary water is higher for WLC3-50 blends. This can be explained by
the significant refinement of porosity observed for these blends [13]. Still a high
amount of water is present in the pores, but the pores are too fine for the growth of
hydration products, leading to a slowing down of clinker hydration [12]. Moreover,
the finer porosity also means that a higher fraction of capillaries is water-saturated.
The empty pores are not detected by 1H-NMR, and this would impact to a greater
extent the WPC system, containing a coarser porosity.

Based on the results obtained in Fig. 1 combined with mass and volume balance,
the density of the C-A-S-H was determined in Fig. 2. Similar bulk density (including
gel pores) of about 1.9 g cm−3 is obtained for WPC and the different WLC3-50
blends. The solid density, excluding gel water, is also very close for all systems. The
slight variations are in the range of error. A value of about 2.8 g cm−3 is determined.

Fig. 1 Signal fraction of the
different water populations
for WPC (white Portland
cement) and the WLC3-50
with various calcined
kaolinite content in calcined
clay
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Fig. 2 Bulk and solid
densities of C-A-S-H for
WPC and the WLC3-50 with
various calcined kaolinite
content in calcined clay. The
bulk and solid densities
include and exclude gel
water, respectively

4 Conclusion

The distribution of water inWPC andWLC3-50 blends shows some differences. The
amount of capillary pores remaining is much higher for WLC3-50 blends, the solid
water is slightly lower thanWPC and the gel to interlayer ratio is also slightly higher.
Despite the change of binder composition and the large decrease in the clinker factor
in WLC3-50 blends, the density of C-A-S-H is found very similar.
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Microstructural Modelling
of the Microstructural Development
of Limestone Calcined Clay Cement

Meenakshi Sharma, Sreejith Krishnan and Shashank Bishnoi

Abstract This paper investigates the microstructural development of limestone cal-
cined clay cements (LC3) using microstructural modelling. The microstructure of
ternary blended cements containing 15, 30 and 45% limestone and calcined clay
is simulated using microstructural modelling platform µic. It is found that replac-
ing cement with limestone and calcined clay significantly increases the porosity of
pastes. The increase in the porosity is observed to depend on the percentage replace-
ment of cement with limestone and calcined clay. It is also observed that just the
addition of fine limestone and calcined clays is not sufficient to explain the reduction
in experimentally observed threshold pore diameter in pastes containing limestone
and calcined clay. The results suggest that it is important to consider the modifica-
tion in the hydration product (CASH) in order to explain the reduced threshold pore
diameter of LC3 systems.

Keywords Limestone · Calcined clay ·Microstructure ·Model

1 Introduction

Pore structure and porosity of cementitious materials significantly influence their
durability and service life [1]. The complex pore network in cementitious materi-
als develops by the reaction of cement with water, which depends on the water to
cement ratio (w/c), temperature, curing conditions and supplementary cementitious
materials [2]. Supplementary cementitious materials (SCMs) react with the port-
landite produced from cement hydration and refine the pore structure [3]. SCMs are
added in cements to reduce the amount of clinker and consequently to reduce the
anthropogenic CO2 emissions. The addition of limestone and metakaolin as SCMs
is reported to significantly reduce the clinker factor without significantly influenc-
ing the compressive strength [4]. Literature report that limestone and metakaolin
reduce the conductivity and permeability of cementitious materials [5]. The reduc-
tion in the conductivity and permeability is attributed to the refinement of the pore
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structure by the addition of fine particles of limestone and metakaolin. It has also
been reported that limestone and metakaolin significantly reduce the threshold pore
diameter of pastes due to the precipitation of low-density hydration products such as
hemi-carboaluminates andmono-carboaluminates [6]. The addition of limestone and
calcined clay modifies the morphology of the major hydration product, CSH, due to
increased alumina uptake [7]. It has been reported that limestone and calcined clay
change the alumina to silica ratio (A/S) of CSH gel from 0.047 (in OPC paste) to 0.12
(in LC3 paste) [8]. Based on the comparison of gel–space ratio versus strength curves
for OPC and LC3. Krishanan [8] suggested that the alumina uptake in the CASH
reduces the density of CASH from 2.0 g/cc to as low as 1.4 g/cc. The low-density
CASH will occupy more space, which may have influence on the pore structure and
threshold pore diameter of LC3 pastes. In the present work, an attempt is made to
explain the reduction in threshold pore diameter of LC3 pastes. The influence of two
main factors that may influence the pore structure of LC3 systems, the filler effect
and formation of low-density hydration products by the addition of limestone and
calcined clay and the change in the density of CASH due to higher alumina uptake,
is studied using microstructural modelling.

The microstructure simulations of three limestone calcined clay cements (LC3)
having different clinker factors are carried out using the microstructural modelling
platform µic.

2 Microstructure Simulation

2.1 Properties of Materials Used

Figure 1 shows the particle size distribution of the raw materials used. The largest
particle size is kept at 40 µm for the simulations, by truncating the particle size dis-
tribution of the raw materials, to reduce the size of the three-dimensional simulation
volume. However, in order to study the influence of filler effect of these particles on

Fig. 1 Particle size
distribution of raw materials
used in simulations
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Table 1 Mix proportions of pastes simulated in the study

Sr. No. Mix ID w/c Cement Gypsum Calcined clay Limestone

1 OPC 0.4 95 5 – –

2 LC3-85 0.4 80 5 10 5

3 LC3-70 0.4 65 5 20 10

4 LC3-55 0.4 50 5 30 15

microstructure development, the finer particles sizes are not truncated. The chemical
composition and specific gravity of the raw materials, used in the simulations, can
be found elsewhere [8]. The limestone to calcined clay ratio is kept constant at 1:2,
and the w/c ratio is kept constant at 0.4. Three different LC3 having clinker factors
0.55, 0.70 and 0.85 are used for simulations. Table 1 shows the mix proportions of
pastes simulated in the study.

2.2 Simulation Parameters

In the present work, the microstructure of hydrated cement systems are simulated
using the microstructural modelling platform µic. This platform is used as the pixel
size is not restricted, and the microstructure for a realistic particle size distribution
of raw materials having finer particles can be generated. This platform can simulate
hydration of different phases of cement and mineral additives. The size of the simu-
lation volume is kept constant at 100 µm, and the voxel size is kept 0.25 µm, which
is found sufficient to simulate the influence of the smallest size (around 0.60 µm)
of the raw materials used in the study. The particles were placed using a random
packing algorithm to place particles according to their descending diameters.

The degree of hydration (DoH) of the cement phases used for simulating the
microstructure of OPC and LC3 pastes [8] are given in Tables 2 and 3, respectively.

The hydration reactions, suggested by Krishnan [8] for the hydration of cement
phases, limestone and calcined clay inOPC systems and LC3 systems are used for the
simulations. The reactions were suggested based on the experimental microstructural
changes observed [8].

Table 2 Degree of hydration
of phases used for the
hydration of OPC paste

Days Alite Belite Ferrite

1 0.72 0.18 0.25

3 0.85 0.24 0.28

7 0.90 0.37 0.40

28 0.91 0.51 0.56

90 0.97 0.85 0.57
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Table 3 Degree of hydration
of phases used for the
hydration of LC3 paste

Days Alite Belite Ferrite

1 0.75 0.20 0.49

3 0.80 0.30 0.60

7 0.83 0.31 0.61

28 0.84 0.33 0.62

90 0.85 0.35 0.63

Table 4 Density of CASH
used for simulations

Density of CASH LC3-85 LC3-70 LC3-55

Case 1 2 2 2

Case 2 1.95 1.85 1.4

2.3 Simulated Microstructure

For LC3 systems, two cases are simulated, as mentioned in Table 3. In case 1, it
is assumed that the addition of limestone and calcined clay has no influence on the
density of CASH. In case 2, the density of CASH is modified LC3 systems in order
to match the gel–space ratio vs strength curves of OPC [8] (Table 4).

Figure 2 shows the two-dimensional snapshots of the simulated microstructure of
LC3-55 at 90 days. The change in density of CASH seems to significantly reduce the
porosity of LC3-55, as for case 1 the proportion of black colour, which represents
pores, is higher compared to case 2.

The mercury instruction porosimetry measurements are simulated on the gen-
erated microstructures in order to simulate the pore size distribution of the pastes.

Fig. 2 Simulated microstructure of LC3-55 at 90 days for (left) case 1 and (right) case 2 with pores
in black colour and cement, clay, limestone and hydration products in different grey shades
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These simulations are carried at a voxel size of 0.1 µm in order to get information
of pore size as small as 100 nm.

3 Results and Discussion

Figures 3 and 4 show the simulated pore size distribution of pastes at 28 days and
90 days for case 1 and case 2, respectively. It is shown in Fig. 3 that the addition of
fine limestone and calcined clay slightly reduces the threshold pore diameter of the
cement paste at 28 days for the cements containing 15 or 30% of limestone calcined
clay. However, the same is not observed for the cement containing 45% limestone
calcined clay (LC3-55). The replacement of 45% cement with limestone calcined
clay significantly increases the threshold pore diameter of the cement paste and forms
a coarser pore structure. As the hydration continues to 90 days, it is observed that
the porosity and the threshold pore diameter reduces significantly in OPC system.
However, the same is not observed for LC3 systems due to little hydration in LC3. In
fact, it is observed that OPC system has significantly finer pore structure and smaller
threshold pore diameter compared to LC3 systems.

For case 2, where the structure of the hydration product CASH is modified by
changing the specific gravity of CASH to match the porosity suggested by Krishnan

Fig. 3 Simulated pore size
distribution of pastes for case
1 at (a) 28 days and
(b) 90 days
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Fig. 4 Simulated pore size
distribution of pastes for case
2 at (a) 28 days and
(b) 90 days

[8], a significant reduction in the threshold pore diameter is observed in LC3 systems,
especially the systems having high replacement of limestone and calcined clay. How-
ever, most of the advantage of reduced threshold pore diameter is lost at 90 days, and
the threshold pore diameter of the LC3-85 (containing 15% limestone and calcined
clay) is found similar to the OPC systems. A slight reduction in the threshold pore
diameter of LC3 system containing high proportions of limestone and calcined clay
is observed compared to OPC system. This suggests that just the addition of fine
limestone and calcined clay cannot explain the reduction of threshold pore diameter
and the significant reduction in permeability of LC3 systems. A significant modifi-
cation of hydration production CASH in LC3 systems must be considered to explain
the reduction in the permeability of LC3 systems.

4 Conclusions

This paper investigates the microstructural development of limestone calcined clay
cements usingmicrostructural modelling. Themicrostructure of paste samples, made
with normal OPC and with LC3 containing different proportions of limestone and
clay, is simulated using µic. The pore size distribution of the microstructures is
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simulated by performing mercury intrusion porosimetry simulation. The following
conclusions are drawn:

• The filler effect and the reaction of limestone and calcined clay with portlandite
are not sufficient to reduce the threshold pore diameter of LC3 pastes compared
to OPC pastes.

• It is important to consider the modification in the hydration product CASH to
explain the reduced threshold pore diameter, which can explain the significant
reduction in permeability of LC3 pastes.
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Hydration of Tricalcium Silicate Blended
with Calcined Clay

Shiju Joseph, Ahmed Khalifa and Özlem Cizer

Abstract Hydration of triclinic tricalcium silicate (C3S) blendedwith three different
natural clays was investigated in this work. Pure C3S, C3S blended with metakaolin
and fine quartz was used as references. Blends were made with 1:2 ratio of calcined
clay/quartz and C3S. A water-to-solid ratio of 2/3 was used. The samples were cured
at 20 °C for 7 days of hydration. The total heat releasewasmeasured using isothermal
calorimetry, and the degree of hydration of C3S was determined using XRD/Rietveld
analysis and portlandite content using TGA analyzed by tangent method. The results
show that there is a higher heat release with higher kaolinitic content. The degree of
hydration of C3S in blends with calcined clay was found to be lower after 7 days of
hydration compared to the reference systems.

Keywords Natural clay · Kaolinite · Kinetics

1 Introduction

Blending ordinary Portland cement (OPC) with supplementary cementing materials
can improve the performance of concrete with regard to mechanical properties and
durability [1]. With the reducing availability of traditional supplementary cementi-
tious materials such as blast furnace slag and fly ash and rising demand for cement, it
is necessary to look for sustainable alternatives.With large quantities of clay deposits
available globally, calcined clay is currently considered as a high potential option
[2, 3]. In this paper, the pozzolanic reactivity of natural calcined clays is investigated
till 7 days of hydration when blended with C3S, the primary phase of OPC.
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Table 1 Chemical composition of the raw clay

Raw clay SiO2 Al2O3 CaO Fe2O3 TiO2 MgO LOI

C1 49.3 33.89 0.09 0.97 0.87 0.25 12.8

C2 59.89 23.53 0.22 1.22 1.34 0.34 8.3

C3 52.37 27.06 0.68 2.87 1.12 0.61 9.5

Table 2 Mineralogical composition of the raw clay

Raw clay Kaolinite Illite Pyrophyllite Quartz Anatase

C1 75 16 – 8 1

C2 34 35 – 30 1

C3 13 30.4 43.6 13 1

2 Materials and Methods

Triclinic tricalcium silicate (C3S) purchased from SARLminerals (France) and three
natural clays were used in this study. The chemical composition of the raw clays is
given in Table 1, and the mineralogical composition is given in Table 2. These clays
were calcined using laboratory muffle furnace at 800 °C.

Pastes were prepared in a climate-controlled room of 20 °C with water-to-solid
(w/s) ratio of 2/3. A ratio of 1:2 is used for calcined clay blended with C3S. For
reference, pure C3S paste and blends of C3S-fine quartz and C3S-metakaolin with
1:2 ratio were also used.

Isothermal calorimetry (8-channel TAMair) was performed on these mixes till
7 days of hydration at 20 °C. X-ray diffraction (XRD) and thermogravimetric anal-
ysis were performed on samples after hydration stoppage after 7 days of hydration.
Hydration of the samples was arrested using a freeze dryer (0.025 mbar pressure)
for 2 h. XRD was performed using D2 phaser (5–55°2θ, Cu anode), and TGA was
performed at a heating rate of 10 °C/min under N2 flow (60 ml/min) for 30–1000 °C.
The degree of hydration of C3S was determined using Rietveld analysis (Topas aca-
demic), and portlandite content was determined from TGA using tangent method
[4].

3 Results and Discussions

Figure 1 shows the rate of heat release per g of C3S from isothermal calorimetry. It
could be seen that there is a significant acceleration associated with filler effect for
the blended pastes [5]. Metakaolin and quartz have higher fineness than the calcined
clays. The high surface area of metakaolin resulted in the highest peak intensity for
the sample with metakaolin (MK). The pastes with C3S blended with fine quartz (Qf)
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Fig. 1 Rate of heat release per gram of C3S

also show an increased intensity of main peak of hydration. For mixes with calcined
natural clays, there is a reduction in the induction period and a faster occurrence of
the main peak of hydration. Previous studies indicated that alumina dissolved in pore
solution from SCMs such as fly ash could increase the induction period of alite [6].
This effect is not seen in the studied calcined clays.

Figure 2 shows the cumulative heat per gram of C3S, and Fig. 3 shows the cumula-
tive heat release per gram of solids measured till 7 days using isothermal calorimetry.
It could be seen from Fig. 2 that there is an increase in heat release compared to the
reference C3S paste for all the blended samples. This shall be attributed to a combina-
tion of filler effect and pozzolanic reaction. It could be seen that the cumulative heat

Fig. 2 Cumulative heat release per gram of C3S
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Fig. 3 Cumulative heat release per gram of solid

was higher for Qf compared to CC1 after 1 day of hydration, while by 7 days CC1
has a higher heat release. This is due to the increased pozzolanic reaction of CC1
although the filler effect is lower. While comparing with the three natural calcined
clays, there is a direct positive correlation of the total heat released with the kaolinitic
content.

Table 3 shows the portlandite content per 100 g paste and the degree of hydration
of C3S determined from TGA and XRD, respectively. It could be seen that there is
an increase in the degree of hydration of C3S with quartz filler (Qf) and metakaolin
(MK) which are finer compared to the calcined clays which shall be attributed to the
increased surface area available for nucleation of C-S-H. On the other hand, with the
calcined natural clays, there is a slight decrease in the degree of hydration of C3S. For
blended systems, lower portlandite content refers to higher portlandite consumption.
The portlandite content was found to be much lower than that of Qf, which shows
the contribution from pozzolanic reaction as well. The results further show that the
portlandite consumption is higher for clay with higher kaolinite content.

Table 3 Portlandite content
determined from TGA and
the degree of hydration of
C3S determined from XRD

Sample Portlandite (per 100 g
paste)

C3S degree of hydration

C3S 21.8 0.81

Qf 15.1 0.88

MK 8.8 0.91

CC1 9.7 0.77

CC2 11.0 0.77

CC3 13.1 0.80
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4 Conclusion

In this work, hydration of C3S blended with natural calcined clays was investigated.
Blends with fine quartz and metakaolin were used as references. The results show
that for blends with clay, there is an increase in overall heat release by 7 days with
increasing kaolinitic content. They also corroborate that calcined clays reduce the
degree of hydration of C3S by 7 days.
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Weibull Probabilistic Analyses on Tensile
Strength of Limestone Calcined Clay
(LC3) and Portland Cement Pastes

Fábio C. de Oliveira , Sérgio C. Angulo , Marcos K. Pires
and Pedro C. R. A. Abrão

Abstract The tensile strength of limestone calcined clays (LC3) and Ordinary Port-
land Cement (OPC) pastes was determined by a point load test (PLT). Testing was
carried out on reduced size cubic specimens (10× 10× 10mm), and the results were
analysed using theWeibull probabilistic distribution. Mercury intrusion porosimetry
(MIP) was also carried out to complement the investigation. Results showed that,
despite being slightly more porous, LC3 has higher tensile strength than OPC due to
the pore refinement caused by pozzolanic reactions. The data variability was three
times lower for LC3 in comparison to OPC, which may be related to the slightly
higher fracture energy of the LC3 samples.

Keywords Point load test · Tensile strength ·Weibull

1 Introduction

Supplementary cementitious materials (SCMs) have been used to replace clinker
Portland in the last decades and have proven to be useful tools to reduceCO2 emission
from the cement industry [1, 2]. A recent report [3] has indicated that limestone and
calcined clays are the most prominent SCMs in terms of availability of resources
and may help to achieve the CO2 emission reduction target for future scenarios.
Moreover,

limestone calcined clay cements (LC3) have great potential to be used as binder for
structural concrete, resulting in mechanical properties (strength and elastic modulus)
comparable to those of an ordinary Portland cement binder [4].

Most of the standard methods to evaluate the strength of Portland cements makes
use of standard sand [5].Adding sand to a cement paste changes its intrinsic properties
since the interfacial transition zone (ITZ) between the cement paste and the aggregate
is characterized by a higher porosity [6]. Thus, the mechanical properties of the
cement are altered by the addition of sand.
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Furthermore, the mechanical performance of cementitious materials is usually
measured in a small number of samples [7], which are insufficient to determine
characteristic values or represent the variability of the results; on the other hand,
testing a large number of standard size samples is labour and material intensive.
Using alternative methods, such as the point load test (PLT) [8], to characterize
small-sized samples can reduce experimental time and material costs. PLT is often
used to estimate the strength of irregular rock particles, but it has also been applied
to cementitious materials [9, 10].

In this context, the present paper aims to determine the tensile strength of limestone
calcined clays (LC3) and ordinary Portland cement (OPC) pastes using an adaptation
of PLT. Testing was carried out on 200 reduced size cubic specimens (10 × 10 ×
10 mm), and the variability of the tensile strength was investigated using theWeibull
probabilistic analysis. Mercury intrusion porosimetry (MIP) was also carried out to
complement the interpretation of the results.

2 Materials and Methods

In this study, Portland cement and LC3 pastes were prepared. The Portland cement
was an ordinary Portland cement (OPC) similar to a CEM I 42.5 N (<5% g/g of
SCMs). The LC3 was composed of the same Portland cement, calcined clay and
limestone filler of different particle sizes: finer (Profine 1) and similar (Procarb 5)
to that of OPC. The compositions of the cements are presented in Table 1, and their
particle size distributions, obtained by laser diffraction, are shown in Fig. 1. Densities
for OPC and LC3, determined by helium pycnometer, were 3.08 and 2.76 g/cm3,
while their specific surface area, obtained by N2 adsorption (BET), was 1.64 and
3.62 m2/g, respectively.

The cement pastes were cast using a water/solids ratio of 0.3 (g/g); the aim was to
have different microstructures after hardening. The optimum content of superplasti-
cizer was determined based on the minimum values of viscosity and yield stress of
the cement pastes determined by paste rheometer. This condition ensured the parti-
cles’ dispersion. Contents were 0.4% and 1.0% for OPC and LC3, respectively, in
% of cement mass.

Water, superplasticizer and cement were mixed manually for 30 s and then
mechanically for 60 s at 10,000 rpm. Pastes were poured into cubic forms (10 ×
10 × 10 mm) and vibrated on a vibration table. In the first 24 h, the specimens

Table 1 Cements compositions in mass percentage

Cement Clinker +
CaSO4 (%)

Calcined clay
(%)

Filler (%)

Filler in OPC Profine 1 Procarb 5 Total

OPC 95 0 5 0 0 5

LC3 52 30 3 5 10 18
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Fig. 1 Particle size distribution of OPC, LC3 and its constituents

were sealed. After that, curing was carried out by immersion in water for 22 days.
Finally, the specimens were oven-dried at 45 °C for five days (enough time until the
cessation of mass loss due to water evaporation) and submitted to the mechanical
characterization, at 28 days.

2.1 Mechanical Characterization: PLT-LVDT

One-hundred specimens of each paste were submitted to a point load test (PLT)
based on ASTM D 5731 [7]. The test was performed in an Instron double-column
universal test machine (model 5569) with a 50 KN load cell and a deformation rate
of 0.2 mm/min. The apparatus consisted of two devices with semi-spherical tips of
tungsten carbide (Fig. 2a), one coupled to the load cell and the other fixed in the
bottom, serving as load applicators (Fig. 2c). A sponge ring was placed under the
brass ring that served as a sample holder (Fig. 2b); so, when compressed during
loading, the contact between the sample and the bottom semi-sphere was ensured.
Also, an LVDT was coupled to the apparatus to measure the displacement (Fig. 2c).
As output, the test provides a load–displacement curve.

The tensile strength was determined by the Hiramatsu and Oka [10, 11] formula,
which states that the tensile strength (σt) depends on the compressive breakage force
(P) and the distance between the load applicators (R) as shown in Eq. 1.

σt = 0.9P

R2
(1)

The described method was named PLT-LVDT by our research group, and it was
validated using glass as reference material [12].

Weibull probabilistic analysis. The Weibull distribution is useful to statistically
describe the tensile strength of brittle materials [13–15]. The analysis consists in
ranking the data in ascending order so that an experimental cumulative distribution
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Fig. 2 PLT-LVDT apparatus. a Devices for load application, b Placement of the sponge and brass
rings for sample holding and c Apparatus set-up

can be obtained by Eq. 4 [14], where Ps is the survival probability, N is the total
number of samples, and n is the position of the sample (in ascending order of tensile
strength).

Ps = 1−
(

n

N + 1

)
(2)

Once the experimental cumulative distribution is known, it can be used in the
linearized Weibull cumulative distribution (Eq. 5 [14]) to determine the Weibull
parameters by linear regression. In the equation, σt,0 is the characteristic tensile
strength (where the probability of failure = 36%), and m is the Weibull modulus,
which serves as a measurement of the samples’ relative variability, where a higher
value of m indicates a lower variability.

ln

[
ln

(
1

Ps

)]
=m

[
ln(σt) − ln

(
σt,0

)]
(3)

A Kolmogorov–Smirnov nonparametric test was held to ensure that the Weibull
distribution is valid to describe the set of data.
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2.2 Porosity Analyses

Two methods were used to determine the specimens’ porosity: (1) Archimedes’s
principle, before mechanical characterization and for all specimens and (2) MIP,
after mechanical characterization and for two specimens of each paste. The samples
submitted to MIP were the fragments of the specimens that showed the highest and
lowest tensile strength. Testingwas carried out in amicromeritics porosimeter (Auto-
pore III). The test parameters were evacuation time of 5 min, evacuation pressure of
50 μm Hg and equilibrium time of 30 s.

3 Results

3.1 Mechanical Characterization

Results for themechanical characterization are given in Table 2 and Fig. 3, in the form
of histogram and failure probability, together with the respective Weibull analysis.

Table 2 PLT-LVDT results
of the OPC and LC3 pastes at
28 days. Here, m is the
Weibull modulus, σ0 is the
characteristic tensile strength,
and K–S is the goodness of fit
of the data

Parameter OPC LC3

Mean (MPa) 8.81 11.44

Coeff. var. 0.34 0.11

m 3.27 9.18

σ0 (MPa) 9.83 11.96

K–S (Kolmogorov–Smirnov test) 0.08 0.06

y = 3.2719x - 7.4775 
R² = 0.9686 

y = 9.1789x - 22.775 
R² = 0.985 
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Fig. 3 PLT-LVDT results for tensile strength. a Histogram (left axis) and failure probability (right
axis) versus tensile strength curve. b Weibull analysis
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The data showed an acceptable goodness of fit (lower than the critic K–S of
0.14), which means that the Weibull distribution is good to describe the tensile
strength observations. LC3 presented a higher tensile strength than OPC. The failure
probability at around 10 MPa is 70% for OPC, while for LC3 it is only 20%.

The data variability is about three times lower for LC3 (m = 9.2) in comparison
with OPC (m = 3.3), which goes against what was expected. According to Griffith
[15, 16], the strength of brittle materials depends on defects in its microstructure,
such as large pores. Once the pores sizes in LC3 are finer than those in OPC (as
will be shown in the next section), a large pore is expected to have greater influence
on LC3 than on OPC. Thus, we presumed that the tensile strength would be more
variable for LC3, contrary to what was observed.

The low variability of the LC3 paste (in comparison to OPC) may be related to
the limestone filler. According to Das et al. [17], the use of limestone filler in binary
and ternary cementitious systems hinders the propagation of cracks and increases
the energy dissipation during loading. This statement corroborates the observations
presented in Fig. 4, which indicates that for a given value of tensile strength the LC3

samples absorbmore energy before rupture than the OPC samples. The enhancement
of crack-tolerance caused by the limestone filler reduces the susceptibility of the
samples to defects and, consequently, lowers the data variability.

It is worth mentioning that the fracture energy was assumed to be the area under
the load–displacement curve obtained by the PLT-LVDT test. The authors are aware
that there are specific methods to determine the fracture energy [18] and that the
obtained values may not be accurate; however, the results may be used by way of
comparison.

3.2 Porosity Characterization

Table 3 shows the porosity determined by Archimedes’ principle, where LC3 pre-
sented a total porosity slightly higher than OPC (concluded by statistical analysis
using a 95%confidence interval). The coefficient of variationwas low for both pastes,
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Table 3 The porosity of the OPC and LC3 samples determined by Archimedes’ principle

Paste Number of samples Mean (%) Stand. Dev. (%) Coeff. Var.

OPC 100 24.9 2.01 0.08

LC3 100 25.9 0.9 0.03
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Fig. 5 MIP results of the hardened OPC and LC3 pastes at 28 days. Solid lines indicate the samples
that showed the highest values for tensile strength, and dashed lines indicate the samples that showed
the lowest values

whichmeans that the porosity does not varymuch from one sample to another sample
(in the same paste).

MIP results (Fig. 5) showed a more significant difference between the OPC and
LC3 total porosities and confirmed that LC3 is more porous. However, LC3 presented
a pore refinement due to the calcined clay pozzolanic reaction, which explains its
higher tensile strength (Fig. 3). As shown by Kendall et al. [19], the tensile strength
of cementitious materials is governed by large and capillary pores and not by the
total porosity itself.

4 Conclusion

The tensile strength of OPC and LC3 samples was determined by a simple method
based on the point load test, and the data variability was analyzed using the Weibull
distribution.

Despite being slightly more porous, LC3 presented a higher tensile strength in
comparison with OPC as a result of the pore refinement caused by pozzolanic reac-
tions. Furthermore, the data variability was three times lower for LC3, which is
probably due to its slightly higher fracture energy that makes the LC3 samples less
susceptible to defects in the microstructure.
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Quantifications of Cements Composed
of OPC, Calcined Clay, Pozzolanes
and Limestone

S. Galluccio and H. Pöllmann

Abstract Alternative and supplementary cementitious materials originate from dif-
ferent sources in nature and also from industrial productions. These materials came
into focus again as their use can contribute substantially in the reduction of CO2

during the manufacturing of cementitious materials. Also, the aspect of reducing
the industrial residues by recycling is of substantial importance. As the addition
of supplementary cementitious materials leads to different composite cements, it is
highly necessary to determine the reaction behavior and their part during the hydra-
tion of the interground or interblended components. The different natural occuring
materials from volcanic and sedimentary sources like clays and pozzolanic mate-
rials are available in high quantities and can be used. Due to their formation, the
natural materials differ in their mineralogical and chemical composition and should
be optimized for this application. Therefore, clays are often thermally treated to be
activated, whereas other products are used without treatment with their original com-
position. Natural and industrial pozzolans also contain high amounts of amorphous
phases which should be determined as they are partially reactive. As these materials
do not contain typical cement minerals as calcium silicates and calcium aluminates,
their reaction behavior is often caused by their amorphous contents. Other basic
sources of mineral additions are coming of artificial sources and are mainly based on
industrial residues coming from the processing of ores and include slags ore coming
from energy production like fly ashes and bottom ashes. As these materials show-
ing different compositions, their chemical and mineralogical phase relations must
be determined also. Some of these supplementary cement additions are known for
long times, and like latent hydraulic slags, others must be investigated and charac-
terized newly. As these components vary in their reaction behavior, it is highly likely
that their mineralogical quantification relates to their various properties and can be
determined by different methods:
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• Rietveld method of these complex systems, including determination of amorphous
contents

• Set up and application of a referenced file using Partial or not known crystal
structure (PONKCS) method for further quantification

• Cluster analysis including the various 2–4 component systems and summarizing
similar phase contents and properties

• Set up and determination of phases and contents bypartial least squares refinement
(PLSR) method.

Different artificial mixtures based on various OPCs with different additions of poz-
zolans, metakaolinite, limestone, anhydrite, and the quantification of their crystalline
and amorphous contents will be demonstrated.

Keywords Mineral quantification · PONKCS · Rietveld method · Cluster
analysis · PLSR · XRD · PCA

1 Introduction

CO2 reduction during the fabrication process of cementitious materials plays a very
important role, as tremendous amounts of carbon dioxide are produced during the
decarbonation processes of limestone. For this reason, many carbonate-free raw
materials are investigated as replacement and supplementary raw materials coming
from industry, processing industry, and also from primary industries, but also nat-
ural raw materials are under investigation [1, 2, 5, 6, 15, 18–22, 26, 28–30]. These
inorganic-basedmaterials are composed ofmany different crystalline and amorphous
components. To understand their reaction behavior and the overall compositions, dif-
ferent mixtures of supplementary cementitious materials (metakaolin, fly ash, and
limestone) and other cements are under investigation [12, 27]. All these different
and very complex mixtures must be characterized to ensure optimal quality of these
cementitious mixtures [10, 11]. For these mineralogical quantifications, different
determination methods were applied to quantify the different mineralogical phases
[4]. These methods include the determination of amorphous contents [9, 17]. The
methods include Rietveld analysis, partial least squares regression (PLSR) [3, 8, 13],
cluster analysis [14, 16] with principal component analysis (PCA) and the partial or
not known crystal structure method (PONKCS) [25, 32–34]. Using a definite way of
investigation startingwith theX-ray data and transforming thesewith cluster analysis
and the relevant principal component analysis (PCA) by developing the regression
and obtaining a model for these mixtures is highly recommended to use these data
for correlation with the properties of these samples.
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2 Materials and Methods

2.1 Materials

Using an ordinary Portland cement (OPC, CEM I 42.5 R fromDyckerhoff company),
binary mixtures were prepared with the supplementary cementitious materials and
industrial residues metakaolin from IMERYS Performance Additives, fly ash from
Sasol and calcium carbonate. The OPC is composed of alite (C3S; 3CaO · SiO2),
belite (C2S; 2CaO · SiO2), brownmillerite (C4AF; 4CaO ·Al2O3 · Fe2O3), tricalcium
aluminate (C3A; 3CaO · Al2O3), and anhydrite. The fly ash contains in addition to
the main amorphous content the minerals quartz, hematite, and mullite. The gran-
ulated blast furnace slag shows only amorphous component by XRD. Metakaolin
contains, besides a large amorphous portion, the minerals anatase, quartz, and illite.
The chemical composition of the materials can be seen in Fig. 1. The mixtures with
OPC were made by additions of the different supplementary materials in 5 or 10
weight percent steps (5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95%).

Fig. 1 Chemical constitution of OPC, wastes, and major supplementary cementitious materials
groups in the ternary diagram SiO2–CaO + MgO–Fe2O3 + Al2O3 (wt% based)



428 S. Galluccio and H. Pöllmann

2.2 X-Ray Fluorescence Spectrometry

The chemical composition was analyzed using the wavelength dispersive X-ray flu-
orescence spectrometer SRS 3000 with Rh-tube from Siemens company. The mea-
surement was performed using wax discs, prepared from 2 g paraffin wax and 8 g
dried sample (40 °C, 24 h).

2.3 Powder X-Ray Diffraction

PowderX-ray diffraction analyseswere performed using a PANalytical X’Pert3 Pow-
der diffractometer equipped with a PIXcel1D Detektor and a copper anode (CuKα1

λ = 1.5418 Å, 45 kV, 40 mA), positioned in the θ /θ Bragg–Brentano geometry. The
measured 2θ angle range was 5–70° with a step width of 0.0131 °2θ and counting
time per step of 20.4 s. The samples were prepared by the backloading method in a
standard sample carrier (diameter: 27 mm) and measured with 15 mm beam mask,
0.04 rad soller slits and fixed slits (0.25° and 0.5°). Themeasured data were afterward
treated for interpretation and quantification using the HighScore suite programs [7].

2.4 Rietveld Method

The Rietveld method [23, 24] was used for the quantification of the total phase
composition including the amorphous content [32–34]. For the analysis, the 4.8
version of HighScore Plus fromMalvern Panalytical was used [3]. Scale factors, zero
shift, and cell and peak shape parameters were refined. The peak shapes were fitted
by pseudo-Voigt functions. A rutile standard (10%) (Kronos 2900-TiO2, supplied
by KRONOS TITAN GmbH) was added to the samples to determine the amorphous
content. The crystallographic information files were taken from the Inorganic Crystal
Structure Database and are shown in Table 1.

Table 1 Crystallographic
information files used for the
Rietveld method

Mineral phase ICSD collection code

Anatase 200392

Illite 166965

Quartz 79634

Rutile 009161
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2.5 Partial Or Not Known Crystal Structure

With the partial or not known crystal structure method (PONKCS), an hkl file is
created by fitting a random cell and symmetry to an unknown crystal structure like,
for example, an amorphous phase [31]. After calibrating with another method like
Rietveld by fitting the pseudo-formula mass, the hkl file can be used for quantitative
determinations of samples with similar phase contents without establishing the use
of further admixtures with internal standards. Therefore, the actually observed phase
peak intensity is used, instead of the data of a crystal structure, that could be based on
slightly different substances, that do not really represent the actual occurring phase.

2.6 Partial Least Square Regression

The partial least square regression method (PLSR) can be used for a fast and reliable
quality control of several sample sets. For this purpose, a calibration curve with
several admixtures must first be prepared. With a statistical method, a regression
is performed with relation to the principal component of the sample. The linear
regression model is found by projecting the predicted variables and the observable
variables to a new space area. The calculated regression model can then be applied to
unknown samples for quantifying the principal component very quickly and easily
without further admixtures or calculation fittings.

2.7 Cluster Analysis

With the cluster analysis, closely related scans are sorted automatically into separate
clusters. Thus, samples with similar phase contents and properties are divided into
groups. It thus simplifies the analysis of large amounts of data which can be quanti-
fied, even in complex mixtures within seconds after the XRD measurement. These
quantifications even can be automated very easily, which can be of high interest
for industrial applications. Principal component analysis (PCA) was also performed
using the statistical data.

3 Results and Discussion

3.1 PLSR Method Applied on Fly Ash/OPC Mixtures

The artificial supplementary cementitious material fly ash was mixed with Portland
cement. The Portland cement is a CEM I of strength class 42.5 with rapid hardening
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Position [°2θ] (Copper (Cu) K-α12)
10 20 30 40 50 60

Counts

0

1000

2000  01-086-0402; Ca3 Si O5; Hatrurite, syn

 01-072-0916; Ca ( S O4 ); Anhydrite

 01-083-0460; Ca2 ( Si O4 ); Larnite

 01-070-2764; Ca2 Fe Al O5; Brownmillerite, syn

 00-033-0251; Ca3 Al2 O6

 Peak List
 01-086-0402; Ca3 Si O5; Hatrurite, syn
 01-072-0916; Ca ( S O4 ); Anhydrite
 01-083-0460; Ca2 ( Si O4 ); Larnite
 01-070-2764; Ca2 Fe Al O5; Brownmillerite, syn
 00-033-0251; Ca3 Al2 O6

Fig. 2 XRD diagram and phase composition of a CEM I 42.5 R

and is composed like described in Chapter “Potential of Selected South African
Kaolinite Clays for Clinker Replacement in Concrete”. The mineralogical phase
characterization was performed using X-ray diffraction, and the results are shown in
Fig. 2. The main OPC phases are alite (hatrurite), belite (larnite), and celite phases as
brownmillerite and tricalciumaluminate. During the milling process, anhydrite was
added to the clinker.

The fly ash shows amorphous humps in theX-ray diffractogram and the crystalline
phases quartz, mullite, and hematite (Fig. 3). OPC was added to the fly ash in 5%
resp. 10% steps (5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95%). With increasing OPC
content can be seen how the amorphous humps in the X-ray diffractogram decrease
(Fig. 4).

From these series of mixtures, a regression model was created with the PLSR
method (Fig. 5). The linear regression was performed with relation to fly ash as main
component. Thus, the fly ash content rises in the direction of the right upper side
and the OPC content rises in the opposite direction in the diagram. The blue squares
mark the initial weights in weight percentages, and the red squares show the fly ash
content predicted by the model. The two squares should therefore lie on top of each
other as exactly as possible in a good regression line, as it is in the regression model
of the fly ash/OPC. The predicted fly ash content does not correspond to the weighed
content at one point only (20% fly ash, 80% OPC). This may be due to weighing
or preparation mistakes. The model can also be quickly rewritten to use OPC as the
main component. Depending on the used main component, the regression model can
be applied to determine the unknown fly ash resp. OPC content in other samples.
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Position [°2θ] (Copper (Cu) K-α12)
10 20 30 40 50 60

Counts

0
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1500  01-085-0457; Si O2; Quartz low
 00-015-0776; Al6 Si2 O13; Mullite, syn
 01-073-0603; Fe2 O3; Hematite, syn

 Peak List

 01-085-0457; Si O2; Quartz low

 00-015-0776; Al6 Si2 O13; Mullite, syn

 01-073-0603; Fe2 O3; Hematite, syn

Fig. 3 XRD diagram and phase composition of the used fly ash

Fig. 4 XRD diagrams showing the change of phase composition of binary mixtures composed of
CEM I 42.5 R and fly ash

Figure 6 shows the X-ray diffractogram of a mixture of 90% OPC and 10% fly ash.
If the previously created regression model is applied, the predicted fly ash content
appears in a blue window. This is 10.09% and thus corresponds to the actual content.
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Fig. 5 Partial least squares regression of binary mixtures of OPC (CEM I 42.5 R) and fly ash

Fig. 6 XRD diagram showing the application of the regression model for quantification of fly ash
in a mixture composed of 90% OCP and 10% fly ash. In the blue window is shown the predicted
value of 10.09%
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3.2 Cluster Analysis Applied on Limestone/OPC Mixtures

For the mixtures of limestone with OPC, the same CEM I was used as in
Chapter “Potential for Selected Kenyan Clay in Production of Limestone Calcined
Clay Cement”. The X-ray diffractogram of the limestone can be seen in Fig. 7 and
shows only the crystalline phase of calcite. OPC was added to the limestone in 5%
resp. 10% steps (5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95%).With increasing OPC con-
tent, it can be seen how the main peak of calcite in the X-ray diffractogram decreases
(Fig. 8). Figure 7 shows five different materials which can be quantified in these
mixtures, depending on their compositional variety and on the available calibration
curves.

These 13 mixtures were divided by the cluster analysis into four groups with
similar phase compositions and thus similar properties (Fig. 9). Closely related scans
can be sorted automatically in definite clusters. This helps to analyze large amounts
of data sets. In an additional view, the separate X-ray diffractograms of the mixtures
can be seen (Fig. 10). Cluster 2 contains the mixtures with intermediate contents
of OPC and intermediate contents of limestone, cluster three contains the mixtures
with high contents of OPC and therefore low amounts of limestone, and cluster four
contains the mixtures with limestone and contents of up to 10% of OPC. With the
help of a dendogram, it can be decided whether a more detailed classification with
more clusters should be calculated or less classification with fewer clusters, based on
only limestone or only OPC. These decisions can be influenced manually, depending
on the properties to be installed from these mixtures.

Fig. 7 Compositional
variety in five component
mixtures important in
complex cementitious
supplementary materials
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Fig. 8 Change of phase composition of binary mixtures of CEM I 42.5 R and limestone

Fig. 9 Thirteenmixtures of limestone andOPCwere sorted into four clusters by the cluster analysis
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Fig. 10 X-ray diffractograms of the eleven mixtures of limestone and OPC sorted into four clus-
ters according to their compositional changes. In this vcase, limestone-rich, OPC-rich, and two
intermediate clusters were separated

The different XRD diagrams of the four different calculated clusters from initially
13 mixtures are shown in Fig. 10.

3.3 Rietveld Analysis Applied on Metakaolin Sample

The Rietveld method was applied to determine the total phase composition of
metakaolin including the amorphous content. To determine the amorphous content,
10% rutile was added to the metakaolin as an internal standard. The metakaolin con-
sists of 1% anatase, >1% quartz, 3.4% illite, and 95% amorphous phase (Fig. 11).
The Rietveld mineralogical analysis was verified by an XRFmeasurement for chem-
ical composition. The metakaolinite sample contains mainly amorphous phase, but
also impurities of 1% of anatase, 0.7% quartz, and 3.4% of illite. Assuming that
illite has a content of K0.5 in its structural formula, then this illite contains 5.08% K
resp. 6.12%K2O. In a metakaolin with 3.4% illite, this corresponds to 0.21%K2O as
given in the results of chemical analysis in Table 2. In Eq. 1, the simple calculation
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Fig. 11 XRDdiagram showingRietveld analysis ofmetakaolin with 10% rutile as internal standard
in order to determine the amorphous content

Table 2 Results of chemical analysis byX-rayfluorescence spectroscopy andLOIof themetakaolin
sample

Oxides and LOI wt% Oxides wt%

LOI 0.94 TiO2 1.01

SiO2 52.45 Fe2O3 0.55

Al2O3 44.30 Na2O 0.33

K2O 0.22 P2O5 + SO3 + CaO + V2O5 + Cr2O5 + NiO + ZnO +
Ga2O3

0.2

of illite from the available potassium content is given.

6.12% K2O

0.21% K2O
∧= 100% illite

3.4% illite
(1)

This result is consistent with the data obtained from XRF analysis (Table 2).
From Rietveld refinement, the mineralogical composition of the metakaolin was

determined as 1.0% anatase, 0.7% quartz, 3.4% illite, and 95% amorphous phase.
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3.4 Comparison of Rietveld Analysis and PLSR
for the Determination of Amorphous Contents

Different amounts of the internal standard (10, 20, 30% rutile) were added to the
metakaolin. Since the amorphous portion is reduced by the same value correspond-
ing to the rutile admixture, the amorphous portion of only one of the samples was
determined using the Rietveld method. Then, a partial least square regression of the
mixtures and the pure materials (metakaolin, rutile) was made with reference to the
amorphous portion as main component (Fig. 12). The predicted amorphous contents
correlate very well with the amorphous portion determined with Rietveld (Fig. 13;
Table 3).

The results obtained from the determinations of the amorphous contents derived
from Rietveld analysis and PLSR method lead to an almost perfect correlation and
confirm the contents obtained by both methods. Table 3 shows the definite contents
of the used samples.

Fig. 12 PLSR model of rutile and metakaolin with 0, 10, 20, and 30% rutile with correlation to
the amorphous portion as main component
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Fig. 13 Comparison of the analysis results for the amorphous content in metakaolin with the
addition of 10, 20, and 30% rutile calculated with Rietveld and with the PLSR method

Table 3 Comparison of
results of PLSR and Rietveld
method: amorphous portion
in metakaolin with admixture
of different amounts of rutile

Rutile (%) PLSR method (%) Rietveld analysis (%)

0 94.8 95.0

10 85.4 85.5

20 75.4 76.1

30 64.4 66.4

100 0.08 0

3.5 PONKCS Method Applied on Metakaolin/OPC Mixtures

With the PONKCS method, an hkl file was created by fitting the XRD diagram with
a random tetragonal unit cell (a = b = 22.4969(8) Å, c = 1.5 Å, α = β = γ =
90°) and crystal symmetry (tetragonal, P 4) for the amorphous hump of metakaolin
(Fig. 14). Therefore, the Pawley fit was used to simulate a diagram from which all,
except two remaining peaks, were deleted. The remaining two peaks were directly
at the amorphous hump. The background was fitted using the Chebyshev method.
In the next step, the scaling factors and the peak profile variable w of the remaining
peaks were refined, using the hkl-fit method. Finally, the pseudo-formula mass of the
hkl file was calibrated with the result of the Rietveld analysis of metakaolin (95%
amorphous, Fig. 11). The crystalline phases were also refined for quantification with
Rietveld. Thus, the quantification results correspond to those as obtained by Rietveld
calculation (1% anatase, <1% quartz, and 3.4% illite).
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Fig. 14 X-ray diffractogram of metakaolin phase

The PONKCS method was used to create an hkl file by fitting a random cell
and symmetry to the amorphous phase (green). The hkl file was calibrated with the
Rietveld result (95% amorphous). The metakaolin sample consists mineralogical of
1.0% anatase, 0.7% quartz, 3.4% illite, and 95% amorphous components.

The hkl file can be used to quantify the amorphous content of other samples as
long as this amorphous hump has similar dimensions. Figure 15 shows a mixture of
90%metakaolin with 10%OPC.With the previously created hkl file, the amorphous
phasewas refined using hkl-fit and the crystalline phaseswere refined usingRietveld-
fit. The background was again fitted using the Chebyshev method. The mineralogical
composition of thismixture was determined to 0.9% anatase, <1%quartz, 3.3% illite,
9.6% alite, and 85.6% amorphous components. This corresponds to the following
calculation:

90%metakaolin × 95%amorphous content metakaolin

= 85.5%amorphous content in mixture (2)

Using this calculated hkl file for an amorphous phase, it is not necessary in further
measurements to use an internal standard for the determination of the amorphous
contents of a sample.

PONKCS method was used to quantify a mixture of 90% metakaolin and 10%
CEM I 42.5 R with Rietveld. This mixture was determined to 0.9% anatase, 0.6%
quartz, 3.3% illite, 9.6% alite, and 85.6% amorphous components.
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Fig. 15 XRD diagram showing the hkl file created with PONKCS

4 Conclusions

The cluster and PLSR analysis can be used easily to control compositions of binary
cementitious mixtures. For the PLSR analysis, a calibration curve must be created
for every different phase composition and mixtures in that cementitious materials
field. This is slightly time-consuming at the beginning, but in case of many samples
during a quantitative evaluation, the very rapid quantitative method can then eas-
ily be automatized. However, additionally, these newly created regression models
are very good and reliable, as the comparison with Rietveld analyses shown. Once
the regression model has been created, the quantification of other samples is very
fast. Therefore, it is mainly used in applications with many samples available as it
is the case for industrial operations. The cluster analysis simplifies the evaluation
and sorting of large data sets, also under the aspect of different properties of the
relevant mixtures. Apart from the XRD scans, no further information of admixtures
is required.

After the setup of a quantitative model and a calibration curve, this type of
quantification can be automized easily.

The quantification by the Rietveld analysis method is more complex, but gives
more detailed information, such as the total phase composition, including the amor-
phous content. For the determination of the amorphous content, a crystalline internal
standard must be added. In addition, crystallographic information files are required
to refine the crystalline phases.With the PONKCSmethod, it is also possible to deter-
mine the amorphous content or in case, data from unknown crystalline compounds.
However, this method must be calibrated with another method like Rietveld. After
calibration, the created hkl file can be used for the quantification of other samples
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without having to add an internal standard. Therefore, it is also interesting for rapid
applications withmany samples involved.While Rietveld and PONKCSmethods are
only for advanced users, the cluster analysis and PLSR method are easier to handle,
but providing excellent data very fast on samples.
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Investigation on Limestone Calcined
Clay Cement System

S. K. Agarwal, Suresh Palla, S. K. Chaturvedi, B. N. Mohapatra,
Shashank Bishnoi and Soumen Maity

Abstract The use of supplementary cementitious materials (SCMs); fly ash and
granulated BF slag, by lowering clinker content in cement is a viable strategy to bring
down CO2 emission during cement manufacture. Due to the large availability of clay
and limestone all over the world, a new ternary cementitious cement system con-
taining calcined clay and limestone could increase clinker substitution to about 50%
without significantly influencing cement performance due to the synergy between
aluminates from calcined clay and carbonates from limestone. In the present study,
mechanical properties of different limestone calcined clay cement blends, prepared
maintaining clinker substitution of 0.40, 0.45, 0.50, 0.55 and 0.60 was measured
as per Indian standard IS:4031 and showed compressive strength comparable to the
minimum strength requirements for blended cements as specified in Indian standard,
in case of cement having clinker substitution rate of 0.50. Comparative evaluation
of compressive strength of OPC and limestone calcined clay cement showed sub-
stantial increase in strength at later ages in case of limestone calcined clay cement
as compared to OPC. The heat evolution of limestone calcined clay cement using
isothermal calorimeter showed higher heat evolution with early attainment at all ages
as compared to OPC. The limestone calcined clay cement showed its resistivity to
different aggressive solutions such as seawater, sulfate and chloride solution salts
along with lean water up to the period of 12 months.
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1 Introduction

Indian cement industry today stands second after China with installed capacity of
around 502 MTPA, about 10% of global installed capacity with production stands
at about 300 MTPA. The cement production is known to contribute about 9% of
global CO2 emissions. The decomposition of the raw material, limestone, creates
most (~60%) of the cement industry’s direct CO2 emission; the rest comes from coal
burning and power generation [2]. Recognizing the need to lower its carbon and
energy footprints, the cement industry actively pursues four practices that can help
reduce the industry’s carbon footprint: (i) investment in more efficient kiln technol-
ogy, (ii) increasing use of alternative fuels, (iii) clinker substitution and (iv)mastering
heat consumption during production. With these efforts, the CO2 emission in India
is targeted to be reduced to 0.35 tonne CO2/tonne cement by 2050 [3]. In cement
production, limestone is being the primary raw material and the growth of the indus-
try depends on the availability of cement grade limestone. In India, total limestone
resources estimated by Indian Bureau of Mines is 124,539.55 million tonnes out of
which, 30% falls under the forest cover, restricted area and eco-sensitive zone. There-
fore, from the available remaining about 89,862 million tonnes limestone resources,
cement grade limestone reserves are only around 8948 million tonnes that sustain
for another 40 years (in case of 100% pet coke utilization as fuel) with anticipated
clinker production of 500 million tonnes by the end of 2020.

Therefore, in order to address twin issues of CO2 emission during clinker produc-
tion and conserving limestone resources, use of supplementary cementitious materi-
als (SCMs) represents a more promising approach associated with Portland cement
production. Moreover, the average percentage of clinker in cement is decreasing
which in combination with the worldwide increase in consumption of cement leads
to increasing demands for SCMs [5, 6]. However, high demand of SCMs cannot be
met only by conventional SCMs, such as silica fume, fly ashes and granulated blast
furnace slag, which is further accentuated as the global production of some of these
industrial by-products may significantly decrease in the near future. Recently, signif-
icant research efforts have focussed on calcined clays as alternative source of SCMs,
as they are produced by thermal treatment of clayminerals which have the immediate
advantage that they are naturally abundant in very large quantities almost all over the
world. In India, total reserves/resources of clay are estimated to be around 2941 mil-
lion tonnes out of which 2039 million tonnes falls under mixed grade/unclassified
class [4]. The thermal activation of clays takes place at 500–900 °C and normally
it does not involve the direct release of CO2 from the raw clay material, in contrast
to the de-carbonation of limestone, in the production of Portland clinker. Thus, the
production of calcined clays is less energy demanding and considerably less CO2

intensive than production of Portland clinkers. More importantly, the replacement
level of the Portland cement with calcined clays in combination with limestone can
be as high as 50%without causing significant loss in compressive strength compared
to pure Portland cement [1].
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This present paper highlights the physical characteristics of limestone calcined
clay cement up to the period of 12 months and long-term compressive strength
developments of cement mortars cured under different aggressive conditions.

2 Experimentation

The chemical analysis of calcined clay, limestone, ordinary Portland cement and
limestone calcined clay cement samples provided by IIT-Delhi was carried out
according to the procedures described in various Indian standards. Mineralogy of
raw and calcined clay was studied by X-ray diffraction. The amount of kaolinite
present in the clay is measured through DTA/TGA. The morphology and granulom-
etry of calcined clay were investigated on temporary mount by optical microscopy
(NIKON). The lime reactivity of calcined clay was determined according to test
procedure IS:1727 (method of tests for pozzolanic materials). The limestone cal-
cined clay cement (LC3) blend was prepared by mixing 52 wt% of ordinary Portland
cement (OPC) and 48 wt% of limestone calcined clay (LC2) keeping target propor-
tions as 50 wt% Portland clinker, 30 wt% calcined clay, 15 wt% limestone and 5 wt%
gypsum. The mechanical characteristics of LC3 blend were measured according to
various test methods described in Indian standard IS:4031. The effect of curing under
aggressive media was studied by immersing the hardened cement mortar cubes in
solutions containing sulfate (0.33N Na2SO4, pH-5.99), chloride (0.5N NaCl, pH-
6.43) salts and seawater along with distilled water (pH-7.45) for the period up to
12 months and evaluated for compressive strength developments.

3 Characterization of Materials

3.1 Raw and Calcined Clay

Mineralogy of the raw clay showed the predominance of mineral constituents, K-
kaolinite [Al2Si2O5(OH)4] with diffraction peaks at 2θ = 12.4 and 24.8° and Q-α-
quartz [SiO2] along with minor phases, M-muscovite [KAl2 (Al,Si3O10) (F,OH)2]
andH-hematite [Fe2O3] (Fig. 1). The raw clay samplewas calcined at the temperature
of 800 °C and diffraction pattern of calcined clay showed the presence of amorphous
material indicating loss in crystallinity of kaolinite. The amount of kaolinite present
in the clays can be determined by measuring the mass loss between 450 and 700 °C
and the complete dihydroxylation of pure kaolinite mineral results in a mass loss
of about 14%. TGA curves of raw clay sample showed ~59% kaolinite in raw clay
sample (Fig. 2a). TGA curve of calcined clay showed no further mass loss indicating
complete dihydroxylation of kaolinite (Fig. 2b) (XRD and DTA/TGA study carried
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Fig. 1 X-ray diffraction
pattern of raw clay and
calcined clay (K: kaolinite,
M: muscovite, Q: quartz, H:
hematite)

(a)

(b)

Fig. 2 a TGA curve of raw clay. b TGA curve of calcined clay

out by TARA). Chemical analysis of calcined clay showed the presence of 0.53%
CaO, 49.50% SiO2, 41.52% Al2O3, 1.88% Fe2O3, 41.48% reactive silica (Table 1).

Opticalmicrographof calcined clay showed the presence of quartz, calcite, opaque
minerals and iron oxide (Fig. 3a). The percentage of glass content was ~54%. Glass
grains with both sharp angular and rounded grainmargins were uniformly distributed
in the sample (Fig. 3b). Grain size of glass varies from 2 to 75-μmwith an average of
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Table 1 Chemical analysis of materials used

Constituent
oxides

Calcined clay Limestone Limestone
calcined clay
(LC2)

OPC Limestone
calcined clay
cement (LC3)

LOI 2.42 24.87 9.21 1.56 5.37

CaO 0.53 28.11 28.29 61.54 45.89

SiO2 49.50 30.03 34.28 21.78 27.03

Al2O3 41.52 8.93 19.45 5.20 12.34

Fe2O3 1.88 4.66 3.43 4.84 4.29

MgO 0.38 1.69 1.38 1.35 1.79

SO3 0.03 – 1.58 2.25 1.99

Na2O 0.22 0.34 0.31 0.19 0.27

K2O 0.05 0.98 0.27 0.59 0.31

Chloride – – 0.03 0.03 0.02

IR 87.82 – 49.03 1.94 23.42

Reactive silica 41.48 – 24.12 – –

Fig. 3 Plate 1: photomicrograph of calcined clay a distribution of mineral grains (20x, x-nicols),
b distribution of glass grains (20x, x-nicols) (G: glass gains)

14-μm. The majority of glass grains were in the size range of 2 to 15-μm. Subhedral
to anhedral quartz grains with sharp grainmargins were randomly distributed.Micro-
globular calcite grains were present as clusters in the sample. Opaque minerals with
rounded grain margins were also observed. Anhedral to subhedral iron oxide grains
were randomly distributed (Fig. 3b).

The lime reactivity of the samples was determined to be 8.0 MPa when mea-
sured according to Indian test procedure IS:1727 (methods of tests for pozzolanic
materials).
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3.2 Limestone Calcined Clay (LC2)

Chemical analysis of limestone showed 28.11% CaO, 30.03% SiO2, 8.93% Al2O3,
4.66% Fe2O3 and 1.69% MgO (Table 1) and was categorized as low-grade lime-
stone with CaCO3 content was about 50%. Chemical analysis of limestone calcined
clay (LC2) sample indicated 28.29% CaO, 34.28% SiO2, 19.45% Al2O3, 3.43%
Fe2O3, 1.38% MgO and 24.12% reactive silica. The mineral constituents in the
sample were calcite [CaCO3], quartz [SiO2], kaolinite [Al2Si2O5 (OH)4], dickite
[Al2Si2O5(OH)4] and hematite [Fe2O3]. The Blaine’s fineness of the sample was
>600 m2/kg with lime reactivity of 7.0 MPa.

3.3 Limestone Calcined Clay Cement (LC3)

The chemical analysis of ordinary Portland cement (OPC) showed 61.54% CaO,
21.78% SiO2, 5.20% Al2O3, 4.84% Fe2O3, 1.35% MgO and 2.25% SO3 as major
oxide constituents. The Blaine’s fineness of OPC was 317m2/kg. Compressive
strength of OPC at 1, 3, 7 and 28-days were determined to be 23.0, 27.5, 33.0,
50.5 MPa, respectively. Calcined clay cement blend was prepared by mixing 52 wt%
of ordinary Portland cement (OPC) and 48 wt% of limestone calcined clay (LC2).
The chemical analysis of cement blend showed the presence of 45.89%CaO, 27.03%
SiO2, 12.34% Al2O3, 4.29% Fe2O3, 1.79% MgO and 1.99% SO3.

3.4 Particle Size Distribution of Limestone Calcined Clay
(LC2), OPC and Limestone Calcined Clay Cement (LC3)

Particle size distribution of limestone calcined clay (LC2), OPC and limestone cal-
cined clay cement (LC3) was analyzed using Microtrac S3500 particle size analyzer.
The size distribution of limestone calcined clay (LC2) showed its finer nature as
44.22% particles were found to be below 10-μm against 8.86 and 31.40% particles
were found to be below 10-μm in ordinary Portland cement (OPC) and limestone
calcined clay cement (LC3), respectively (Fig. 4). Comparative evaluation of size
distribution of limestone calcined clay and limestone calcined clay cement showed
the finer nature of limestone calcined clay as 25.56, 11.64, 3.73 and 0.32% fraction
passed through 5, 3, 2 and 1.156-μm, respectively, in case of limestone calcined clay
as compared to 15.02, 5.57, 1.43 and nil percent size fraction passed through 5, 3, 2
and 1.156-μm in case of limestone calcined clay cement, as evident from Fig. 4.
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Fig. 4 Particle size distribution of limestone calcined clay (LC2), OPC and limestone calcined clay
cement (LC3)

4 Results and Discussions

4.1 Mechanical Properties Vis-à-Vis Clinker Content
in Limestone Calcined Clay Cement

Different limestone calcined clay cement blends LC-A-1, LC-A-2, LC-A-3, LC-A-
4 and LC-A-5 were prepared maintaining different clinker contents at 0.40, 0.45,
0.50, 0.55 and 0.60, respectively, as per the designed composition given in Table 2
and evaluated for compressive strengths at 1, 3, 7 and 28-days as per the Indian test
procedure IS:4031. Water requirement to prepare consistent paste of normal consis-
tency was found to be in the range of 29.5–31.5%. The initial and final setting times
of all cement blends were ranging from 100–160 and 150–205 min, respectively.
The compressive strength of cement prepared with as low as 40 wt% clinker con-
tent met all the minimum strength requirements as specified in Indian standard for
blended cements (i.e., ≥16 MPa for 3-days, ≥22.0 MPa for 7-days and ≥33.0 MPa

Table 2 Designed composition of limestone calcined clay cement blends

Cement code Weight proportion (%) Clinker factor

Clinker Limestone Calcined clay Gypsum

LC-A-1 40.0 19.0 38.0 3.0 0.40

LC-A-2 45.0 17.5 34.5 3.0 0.45

LC-A-3 50.0 16.0 31.0 3.0 0.50

LC-A-4 55.0 14.0 28.0 3.0 0.55

LC-A-5 60.0 12.0 24.0 3.0 0.60
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Table 3 Physical characteristics of limestone calcined clay cement blends prepared using different
clinker contents

Properties LC-A-1
(0.40)

LC-A-2
(0.45)

LC-A-3
(0.50)

LC-A-4
(0.55)

LC-A-5
(0.60)

Consistency
(%)

31.3 31.5 30.5 30.5 29.5

Setting time (min)

Initial 100 100 140 150 160

Final 155 150 190 200 205

Compressive strength (MPa)

24 ± ½ h 11.0 12.0 14.0 15.5 16.5

72 ± 1 h 31.0 31.5 33.0 35.0 35.5

168 ± 2 h 36.5 37.0 41.0 42.5 43.0

672 ± 4 h 42.0 42.0 47.0 51.0 53.0

for 28-days) as given in Table 3. The trend of compressive strength of cements LC-
A-1 to LC-A-5 showed gradual increase in strength of cement blends LC-A-1 to
LC-A-5 due to the higher percentage of clinker content in the cement blend LC-A-5
in comparison with LC-A-1 (Fig. 5).

Blaine’s fineness: 400–450m2/kg.
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Fig. 5 Compressive strengths of limestone calcined clay cements prepared maintaining clinker
content 0.40, 0.45, 0.50, 0.55 and 0.6
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4.2 Performance Evaluation of Limestone Calcined Clay
Cement Via-Vis OPC

Physical characteristics of ordinary Portland cement (OPC) and limestone calcined
clay cement, in terms of Blaine’s fineness, consistency, setting time, compressive
strength at different intervals and soundness was carried out by using different test-
ing procedures as described in Indian standard IS:4031 and results are given in
Table 4. Blaine’s fineness of OPC and limestone calcined clay cement, measured as
per IS:4031(2)-1999, were found to be 317 and 443 m2/kg, respectively, indicating
finer nature of limestone calcined clay cement as evident from particle size distri-
bution of cements (Fig. 4). Water requirement to prepare consistent paste of normal
consistency, as per IS:4031(4)-1998, was determined to be higher in case of lime-
stone calcined clay cement (33.0%) as compared to OPC (31.0%) owing to higher
fineness of limestone calcined clay cement. The limestone calcined clay cement
exhibited marginal faster setting as compared to OPC, when measured according
to IS:4031(5)-1988. The compressive strength of limestone calcined clay cement at
different intervals, measured as per IS:4031(6)-1993 up to the period of 12 months
were found to be substantially higher at all ages particularly beyond 28-days (25%
enhancement at 12 months cured sample) in comparison with OPC, whereas com-
pressive strength of 1-day cured sample was found to be lowered by about 30% in
comparison with OPC. The limestone calcined clay cement fulfilled the minimum
strength requirements under compression as specified in Indian standard for blended

Table 4 Physical
characteristics of OPC and
limestone calcined clay
cement

Property OPC Limestone calcined clay
cement

Blaine’s fineness (m2/kg) 317 443

Consistency (%) 31.0 33.0

Setting time (min)

Initial 150 115

Final 210 170

Compressive strength (MPa)

24 ± ½ h 23.0 15.5

72 ± 1 h 27.5 33.5

168 ± 2 h 33.0 42.5

672 ± 4 h 50.5 52.0

90-days 53.0 61.5

180-days 55.0 69.0

365-days 58.0 79.0

Soundness

Le-chatlier (mm) 1.0 2.0

Autoclave (%) 0.06 0.03
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Fig. 6 Isothermal calorimeter curve of limestone calcined clay cement vis-à-vis OPC

cements. The limestone calcined clay cement showed dimensional stability as the
values of linear and autoclave expansion were within permissible limit.

The heat evolution of limestone calcined clay cement using isothermal calorime-
ter showed high heat evolution with early attainment as compared to OPC (Fig. 6).
Acceleration of limestone calcined clay cement blend starts early compare to OPC.
This could be attributed to the synergetic effect between calcined clay and lime-
stone [1, 7], mainly resulting from the formation of calcium monocarboaluminate
hydrate [Ca4(Al(OH)6)2(CO3)0.5H2O]. Deceleration period of limestone calcined
clay cement shows similar trend with comparison of heart evolution of OPC.

4.3 Effect of Curing Under Different Mediums
on Compressive Strengths of Limestone Calcined Clay
Cement

The compressive strength developments of hardened limestone calcined clay cement
mortars cubes cured for 1, 3, 6 and 12 months under the influence of different solu-
tions; sulfate and chloride and seawater were found to be comparable to strength
development of cement mortar cubes cured under lean water (Table 5), thus, showing
that limestone calcined clay cement was resistant to different aggressive mediums.

5 Conclusion

1. The mineralogy of raw clay sample showed predominance of kaolinite mineral
(~59%) and calcined at the temperature of 800 °C owing to loss in crystallinity
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Table 5 Compressive strength of limestone calcined clay cement mortar samples cured under
different aggressive medium

Curing medium Compressive strength, MPa after curing at

1-month 3-month 6-month 12-month

Water 56.0 62.0 67.0 70.0

Seawater 54.0 58.0 56.0 60.0

Sulfate solution 52.0 61.0 63.0 64.0

Chloride solution 56.0 61.0 69.0 72.0

of kaolinite. Glass content calcined clay was estimated to be ~54% with lime
reactivity of 8.0 MPa.

2. The compressive strength of limestone calcined clay cement blends prepared
with clinker content as low as 0.40 met the minimum strength requirements of
Indian standard specified for blended cements.

3. Comparative evaluation of physical characteristics of OPC and limestone
calcined clay cement blend prepared using clinker content at 0.5 indicated.

i. Finer nature of limestone calcined clay cement as compare toOPC as evident
from particle size distribution of cements.

ii. Higher water demand in case of limestone calcined clay cement.
iii. Slightly faster setting in case of limestone calcined clay cement.
iv. Reduction in compressive strength by ~30% at 1-day of limestone calcined

clay cement and afterward, there is fair gain in strength development under
compression in comparison with OPC.

v. Substantial increase by ~25% in compressive strength development of
limestone calcined clay cement mortar up to the curing period of 12 months.

4. Compressive strength of limestone calcined clay cement mortar cubes cured
under sulfate and chloride solutions and seawater was found to be comparable
to cement mortar cubes cured in lean water showing its resistivity to different
aggressive solutions.
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Heat Generation and Thermal Properties
of Limestone Calcined Clay Cement
Paste

Yanapol Thitikavanont and Raktipong Sahamitmongkol

Abstract In mass concrete construction, huge amount of cement is usually used
and normally creates high temperature gradient across the thick section. Replacing
suitable supplementary cementitious materials (SCMs) to ordinary Portland cement
(OPC) is one of the potential strategies to reduce temperature rise of concrete.
Although many benefits on the durability of concrete using limestone calcined clay
cement (LC2 cement) have reported, very few studies have been published regarding
the risk of thermal cracking when LC2 cement is used. Heat of hydration and thermal
properties of LC2 cement are necessary parameters of the thermal cracking analysis
and must be clarified before its application to the mass concrete construction. In this
study, the calorimetric heat flow and cumulative heat of hydration are tested with
isothermal calorimetry. The intensity of aluminum peak from calorimetric heat flow
is the main hydration peak of LC2 cement pastes. The intensity of aluminum peak
increases with higher LC2 cement replacement due to high Al2O3 content of LC2
cement. After the age of 12 h, the cumulative heat generation of LC2 cement pastes
becomes lower than that of OPC pastes. Moreover, thermal properties which are spe-
cific heat (c), thermal conductivity (k) and coefficient of thermal expansion (CTE)
of LC2 cement pastes are also investigated. The results showed that the specific heat
of LC2 cement pastes decreases for 8% and 14% with 30% and 45% replacements,
respectively, compared with OPC pastes. With higher LC2 cement replacement, the
thermal conductivity decreases while the coefficient of thermal expansion increases.
These changes are believed to be related to the pore structure development of LC2
cement pastes. Moreover, semi-adiabatic temperature rise is tested to observe the
temperature rise. The peaks of temperature are 66.9 °C and 60.6 °C in the case of
30% and 45%LC2 concrete, respectively, which are lower than that of OPC concrete.
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1 Introduction

Mass concrete normally generates high level of temperature rise due to the hydration
reactions. Since the thermal conductivity of concrete and the rate of heat transfer from
concrete surface to environment are quite low, high temperature difference between
center and surface of mass concrete section is frequently experienced [1]. Thermal
cracking will occur if the self-restrained strain from unequal concrete thermal expan-
sion exceeds tensile strength of concrete at early age [2, 3]. Therefore, the knowledge
about heat generation and thermal properties of concrete is necessary because it could
help engineers to evaluate risk of cracking and to design appropriate geometry, mix
proportions of mass concrete or to plan suitable construction procedure to avoid the
thermal crack.

One of the strategies to prevent thermal cracking in mass concrete is replacing
suitable supplementary cementitious materials (SCMs) to clinker because the incor-
poration of some SCMs in concrete generates lower heat of hydration at the early
age due to lower cement content [4].

Clay containing kaolinite becomes reactive after 600–850 °C calcination and has
proved to be highly pozzolanic. Many studies report that pozzolanic component of
calcined kaolinite clay, which is known as metakaolin, helps reducing the heat of
hydration [5]. The ternary blended cement is developed to provide higher rate of
clinker replacement by combining calcined clay and limestone powder [4, 6] and
this binder system is called ‘limestone calcined clay cement (LC2 cement)’ [4].

Knowledge about complex hydration due to reactions of various mineral com-
ponents in LC2 cement system is required to comprehend the temperature rise in
LC2 concrete [2]. Therefore, in this study, the heat of hydration of LC2 cement paste
is tested by isothermal calorimeter at the early age of paste. Moreover, the thermal
properties which are specific heat, thermal conductivity and coefficient of thermal
expansion of LC2 cement paste with a different replacement rate are also tested.
Additionally, the temperature development in LC2 concrete is investigated using the
semi-adiabatic experimental method.

2 Materials and Mix Proportions

2.1 Materials

The ordinary Portland cement (OPC) used in this study was produced from cement
plant in Thailand. Calcined clay (CC) and limestone powder (LS) were ground to
be 15 and 5 micron average particle size, respectively. All of these binder compo-
nents were locally produced in Thailand. The weight ratio between calcined clay
and limestone powder was controlled to be 2:1 which is the recommended ratio from
previous researches [7]. Gypsum was added at 5% by weight of calcined clay in
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Table 1 Chemical composition of materials

Oxide
composition

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI

Ordinary
Portland
cement (%)

20.90 4.80 3.40 63.30 1.30 2.70 0.30 0.40 2.90

Limestone
calcined clay
(%)

27.97 23.67 10.31 18.40 0.77 1.60 0.01 0.29 15.55

order to prevent flash set cause by aluminous component in the binder. The chem-
ical compositions of OPC and LC2, in this study, were examined by using X-ray
fluorescence and shown in Table 1.

2.2 Mix Proportions

Cement Paste The control sample (CT) was prepared by using 100% of OPC. LC2
cement samples were prepared by 30 and 45% replacement of limestone calcined
clay by weight. The water to binder ratio (w/b) was set at values of 0.5 and 0.6 as
shown in Table 2.

Concrete Threemix proportions of concrete were prepared in this study. Theweight
proportions of limestone calcined clay in binder were 30 and 45%, in similar manner
to the paste samples, but the water to binder ratio was fixed at only 0.5. The volu-
metric proportion of fine aggregate to the total aggregate (s/a) was 44% as shown in
Table 3.

Table 2 Mix proportions of paste samples

Mix w/b Binder (% by weight)

Cement Calcined clay Limestone powder Gypsum

W50CT 0.5 100.0 – – –

W50LC30 0.5 69.0 20 10 1.0

W50LC45 0.5 53.5 30 15 1.5

W60CT 0.6 100.0 – – –

W60LC30 0.6 69.0 20 10 1.0

W60LC45 0.6 53.5 30 15 1.5



458 Y. Thitikavanont and R. Sahamitmongkol

Table 3 Mix proportions of concrete samples for semi-adiabatic temperature test

Mix w/b Binder (kg/m3) Water
(kg/m3)

Fine agg
(kg/m3)

Coarse agg
(kg/m3)OPC CC LS GS

W50CT 0.5 400 – – – 200 770 980

W50LC30 0.5 276 80 40 4 200 770 980

W50LC45 0.5 214 120 60 6 200 770 980

3 Experiment Program

3.1 Isothermal Calorimetry

In this study, an isothermal calorimeter was used to measure early age heat of hydra-
tion, the paste specimens were mixed and instantaneously placed in an ampoule that
is in contact with a heat flow sensor [8]. When the hydration process occurred, a
temperature gradient across the specimen and reference heat flow sensor was devel-
oped. The voltage that was proportional to the heat flow was continuously recorded
for 3 days.

3.2 Specific Heat (c)

Specific heat was the parameter required to calculate temperature change from a
specified amount of heat. From many studies, the constant specific heat was used to
predict the temperature rise in model but specific heat actually changes with respect
to time. Because the specific heat of water was highest compared to other ingredients
and the free water in paste was consumed by hydration reaction [9]. Therefore, the
specific heat of paste specimen would dramatically decrease at early age. In this
study, the test method for the value of specific heat was modified from the previous
publications.

The paste samples were casted into 25.4-mm diameter and 50-mm height PVC
cylindrical mold. A thermocouple was installed at the center of specimen. Immedi-
ately after the cement paste samples get hardened, theywerewrappedwith aluminum
foil in order to avoid the moisture loss while minimizing the change of thermal con-
dition at the surfaces of the samples. The specimens were kept in insulated container
and tested when the age of samples was 1, 3 and 7 days. At the age of testing, spec-
imens with aluminum foil were submerged into water at 90 ± 1 °C in the insulated
container. The energy from hot water was transferred into specimens. Consequently,
the temperature of specimen and water increased and decreased, respectively. Both
specimen temperature change (�T sp) and water temperature change (�Tw) were
recorded until the temperatures became equal. In the calculation, the heat loss to
environment (�T loss) is also considered as another cause of the reduction of water
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temperature. The heat loss to environment was measured from the case in which the
cement paste sample is not inserted into the test system. Moreover, since the cement
paste specimen was generating heat of hydration during the test period; the heat
from hydration process of cement (Qhyd) was also included in the calculation. The
amount of heat during the test period could be calculated from results of isothermal
calorimetric test. The specific heat was then determined by using Eq. 1.

csp = mwcw(�Tw−�Tloss) − Qhyd

msp�Tsp
(1)

where

mw Mass of water, g
msp Mass of specimen, g
cw Specific heat of water, J/(g °C)
csp Specific heat of specimen, J/(g °C)
�Tw Temperature change of water, °C
�T sp Temperature change of specimen, °C
�T loss Temperature loss of insulated container, °C
Qhdy Cumulative heat generation of specimen during testing, J.

3.3 Thermal Conductivity (k)

Thermal conductivity is amain parameter to describe the heat transfer behavior inside
solid concrete. If thermal conductivity becomes higher, the temperature difference
between surface and center of concrete section will be reduced. Hot-disk thermal
constant analyzer was used to test for thermal conductivity in this study. The transient
plane source (TPS) method which was suitable for porous material [10] is applied.
The paste samples were casted into a 20-mm thick disk with 50-mm diameter PVC
cylindrical mold. The upper and lower surface of specimens must be as smooth as
possible. The specimens were kept at room temperature until ages of test which were
1, 3 and 7 days.

At the date of testing, two pieces of samples of the same cement paste eachmixture
were fitted on both sides of the hot-disk sensor. To obtain the accurate results, sensor
was perfectly fitted between the two pieces of samples. The heating power and time
measurement were set at 70 mW and 40 s, respectively. The measurement results
were collected only if value of probing depth indicated by the system was within the
thickness of the sample (approximately 20 mm).
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3.4 Coefficient of Thermal Expansion (CTE)

The coefficient of thermal expansion was the length change per unit length with
respect to change in temperature. The coefficient is required to compute the self-
restraint stress due to temperature difference in mass concrete [2]. The results from
previous publication [11] reported that CTE dramatically increased from the age of
10–24 h and to minimize the effect of shrinkage on the measurement of thermal
expansion, the measurement duration must be as short as possible. The paste sam-
ples were prepared in 25 × 25 × 285 mm mold. A thermocouple was installed at
the center of specimen to measure temperature inside specimen. Specimens were
immediately wrapped by aluminum foil after de-molding to avoid any moisture loss.
The specimens were kept at temperature room and tested at the age of 10, 24, 72 and
168 h.

The range of temperature in this study was 10–50 °C. The length of specimen was
measured using digital length comparator when the temperatures of specimen were
10, 30 and 50 °C. There were three containers with water at 10 ± 1 °C, 30 ± 1 °C
and 50 ± 1 °C. The cooling and heating processes were performed by submerging
specimen at room temperature into the 10 ± 1 °C, 30 ± 1 °C and 50 ± 1 °C water,
respectively. Subsequently, the specimen stored at 50 ± 1 °C was removed and
submerged into 30 ± 1 °C and 10 ± 1 °C water again. Each mixture was tested
according to the prescribed procedures twice. Whole procedures and all readings for
each sample were completed within 30 min. The coefficient of thermal expansion
can then calculated as shown in Eq. 2.

CTE = �L/L0

�T
(2)

where

CTE The coefficient of thermal expansion, strain/°C
�L The length change of specimen by temperature change, mm
L0 The initial length of specimen, mm
�T The temperature change of specimen, °C.

3.5 Semi-adiabatic Temperature Test

The concrete specimens were casted into a shape of 350 × 350 × 350 mm block.
Polystyrene foam plates with 50-mm thickness were used as insulating material
and installed at all of concrete surfaces. In each mixture, three thermocouples were
installed at different locations which were center, bottom and side of concrete [12].
The locations of thermocouple are demonstrated in Fig. 1. The additional thermo-
couple was installed outside the samples to measure the ambient temperature in the
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Fig. 1 Location of thermocouples in concrete for semi-adiabatic temperature test

Fig. 2 Calorimetric heat flow of samples with w/b = 0.5 and 0.6

experimental room. The semi-adiabatic temperature rise was recorded continuously
for 7 days.
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4 Results and Discussion

4.1 Heat of Hydration of Paste Mixtures

The results from isothermal calorimetric test shown in Fig. 2 indicate that the incor-
poration of limestone calcined clay in LC2 cement pastes accelerated hydration com-
pared to that of OPC paste. For LC2 cement pastes, the significant peak of heat flow
was aluminum peak that represented aluminate phase’s reaction due to high Al2O3

content in LC2 cement [4]. The aluminum peak could not be easily differentiated
from the main peak of cement hydration. The peak intensity of LC2 cement pastes
slightly decreased with increase of w/b. The possible reason was higher degree of
dilution of cement in the cement–water solution, which affected lower rate of hydra-
tion [8]. The aluminum peaks of W50LC30, W50LC45, W60LC30 and W60LC45
occurred at the age of 8.4, 7.3, 10.2 and 7.6 h, respectively.

The cumulative heat released from hydration for 70 hwas shown in Table 4. At the
age of 10 h, all of LC2 cement pastes had higher cumulative heat than OPC pastes.
However, the cumulative heat generation of LC2 cement pastes became lower than
OPC paste at the age of 20 h and later. In the cases that w/b is 0.5, W50LC30 had
lower cumulative heat of hydration than W50LC45 for the first three days because
W50LC45 had very high rate of hydration at the age of 30 min. On the contrary,
W60LC45 had lower 3-day cumulative heat generation than that of W60LC30.

4.2 Specific Heat (c)

LC2 cement pastes had lower specific heat than OPC paste. At the age of 1 day, the
reductions were up to 8% and 14% for LC30 and LC45, respectively. The specific
heat of cement paste decreased at the early age as shown in Fig. 3. The specific heat
of OPC paste decreased at the rate of 0.03 J/(g °C day) from the age of 1 day to
3 days. The decreasing rates of specific heat of LC2 cement pastes were higher than
that OPC pastes. It was found that the reductions were 0.07 and 0.05 J/(g °C day)
when replacement was 30% and 45%, respectively. The faster change of specific heat
found in the cases of LC2 cement pastes might be caused by faster consumption of
free water by LC2 cement in mixtures since the hydration rate of LC2 cement seems
to be faster at the early age. This tendency is very well in line with the results of
specific heat reported by the previous study [9] in which the mixtures with higher
water content was found to provide higher specific heat.
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Fig. 3 Specific heat of samples at the age of 1, 3 and 7 days

4.3 Thermal Conductivity (k)

The results of thermal conductivity of OPC and LC2 cement pastes shown in Fig. 4
indicate that the thermal conductivity of all cement pastes did not significantly change
with respect to the age of pastes. The water to binder ratio of pastes did not show a
significant impact on thermal conductivity as well. These findings are similar to the
observations in the previous research [9]. OPC paste had thermal conductivity in the
range of 0.45–0.51 W/(m °C). LC30 and LC45 had lower thermal conductivity than
OPC pastes at early age which were in rage of 0.44–0.50 and 0.42–0.47 W/(m °C),
respectively. The reason for less thermal conductivity is probably an increase of total
porosity in LC2 cement pastes at early age [13]. Because the thermal conductivity of
air is 0.0262 W/(m °C) which is much lower than that of cement (0.29 W/(m °C)),
water (0.606 W/(m °C)) or other hydrated products [14].
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Fig. 4 Thermal conductivity of samples at the age of 1, 3 and 7 days
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Fig. 5 Coefficient of thermal expansion of samples at the age of 10 h, 1, 3 and 7 days

4.4 Coefficient of Thermal Expansion (CTE)

The results of CTE test shown in Fig. 5 indicate that the CTE dramatically increase
within 3 days after beginning of hydration reaction. After the age of 3 days, CTE of
pastes was still increasing but the rate of increasing became lower. CTE increased up
to 11% and 16% with 30% and 45% replacement of limestone calcined clay, respec-
tively. The reason for higher CTE pastes is probably the refined pore structure in LC2
cement pastes [15]. Many researchers reported than the combination of limestone
and calcined clay had a potential to refine pore structure since early age [15] and the
thermal expansion of fluid in the pores smaller than 15 nm was anomalously higher
than the bulk fluid [16].

4.5 Semi-adiabatic Temperature

The semi-adiabatic temperature of OPC and LC2 concrete is shown in Fig. 6. The
water to binder ratio of all samples was 0.5 and the initial temperature was around
31 °C for all concretes. The temperature rise of LC2 concretes were less than that
of OPC concrete. The temperatures at side and bottom of testing mold were not sig-
nificantly different from the measured temperature at center. The peak temperatures
of W50CT, W50LC30 and W50 LC45 concrete were 67.1, 66.9 and 60.6 °C, at the
age of 13, 10.7 and 9.7 h, respectively.
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5 Conclusions

1. The cumulative heat of hydration of LC2 cement pastes was higher than OPC
pastes at the age of 10 h and became significantly lower at the age of 30 h.
W60LC45 had 24% less cumulative heat generation than W60CT at the age of
30 h.

2. LC2 cement pastes had lower specific heat with higher proportion of limestone
calcined clay. Specific heat of LC2 cement pastes also rapidly decreased from
the age of 1 day to 3 days and then became quite constant.

3. The thermal conductivity of LC2 cement pastes was slightly lower than OPC
pastes due to higher total porosity. The replacement rates of 30 and 45% lead to
average thermal conductivities of 0.476 and 0.441 W/(m °C), respectively.

4. The CTE of LC2 cement pastes became higher proportionally with limestone
calcined clay content in mixture due to the refined pore structure. The 30% LC2
cement and 45% LC2 cement had 11 and 16% increase of CTE.

5. The semi-adiabatic temperature of LC2 concrete was decreased with higher
replacement rate of LC2 cement.
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Study on the Efficacy of Natural
Pozzolans in Cement Mortar

Ashish Shukla and Nakul Gupta

Abstract With the advent of the Industrial Revolution, science and technology grew
rapidly with the producing era coming into view. The early industrial sectors engaged
in small scale production of the major pollutant, smoke. Owing to the emergence
of numerous factories and large scale jobs, the problems of industrial contaminating
activities began to assume much importance. These issues made the burning up of
industrial as well as agricultural waste products from industrial activities become
the main focus of waste eradication study for environmental, economical, as well
as technical reasons. Discarding of waste techniques became the problem emerging
from constant industrial and technological development. Partial replacement of poz-
zolans by manufacturing waste product is not just efficient but an improvement to
features of clean as well as cynical concrete. This is because it involves reducing the
shrinkage, minimizing the cracks, as well as enhancing the sturdiness. Besides, the
safe removal of waste substances serves as a means of shielding the surroundings
from contamination. The main purpose of this research is to observe the ability and
strength of the mortar by mixing the calcined clay in a mortar mix in the proportion
of 0, 4, 8, 12, 16 and 20% and with this, the effect of mortar on HCl and acetic acid
mixed in water in a proportional proportion has been studied.

Keywords Carbon emission · Pollution · Calcined clay · HCl · Acetic acid ·
Compressive strength ·Water absorption test · Sorptivity test

1 Introduction

In today’s era, concrete/cement mortar is proving to be the most commonly used
component in the field of construction. Cement mortar are not environmentally
friendly materials, either for production purposes, for utilization, or for disposal.
The need for concrete in the construction sector is increasing ever increasing due
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to which the main component of the concrete is also increasing the requirement
of cement [1, 2]. Researchers replaced calcined clay in the form of wastes with
cement to reduce pollution of the construction area in their constant search so that
both the production and consumption of cement could be reduced [3]. To obtain
suitable raw materials for making these materials substantial amount of water
and energy are involved. Also, sand quarrying with other aggregates results into
environmental pollution and annihilation. Concrete mortar therefore is affirmation
for the large supply of carbon discharges into the environment. Researchers affirm
that concrete causes the emission of approximately 5% of global overall quantity
of carbon release which brings greenhouse gases. Due to continuous production of
component cement used mainly in the construction sector, there is a very harmful
effect in the environment as CO2 and other harmful gases emit during cement
production [2]. In order to reduce the need for cement instead of cement in concrete,
supplementary cementitiousmaterial (i.e., pozzolans) is partly replacedwith cement.
These pozzolans are added to reduce the permeability of concrete and mortar, to
increase strength, make cheaper or to influence other properties [4]. For this reason,
“calcined clay” has been used on mortar in this research work, and the mixing of
this supplemental material has been studied in response to mortar [5].

Components like cement mortars and concrete play important roles in the devel-
opment of all the countries around the world in the construction sector. Concrete and
cement mortars are used on the second number after water consumption across the
world [6]. According to his research, Mehta informed that by 2050, these compo-
nents of the manufacturing sector will be produced in such a large quantity which
will affect the environment and economic situation [7]. According to researcher’s
research, around 1.6 billion metric tonnes of cement are produced in the whole
world [8]. Many researchers have used calcined clay and other pozzolans to study
their research in which they found that the calcined clay gets a parallel strength of
cement on partial mixing with cement [9–14]. Mining as well as processing of cal-
cined Kaolin in the industries generates huge volume of waste. Kaolin is a vital raw
substance for utilization in different manufacturing sections. There are two types of
wastes produced by the kaolin industrial sector that processes the primary kaolin. The
first Kaolin waste is derived from the premium processing step which involves the
partitioning of river sand from the ore. Another form of waste product is seen during
the next production stage consisting of liquid filtrate to segregate the improved par-
ticles as well as cleansing [15]. Apart from water, concrete is another material used
globally. It hardens and solidifies after combination with water as well as after place-
ment because of the chemical process called hydration. Water mixes with cement to
bind other particles together and they form sturdy resources [16].

The main purpose of this research is to observe the ability and strength of the
mortar by mixing the calcined clay in a mortar mix in the proportion of 0, 4, 8, 12,
16 and 20% and with this, the effect of mortar on HCl and acetic acid mixed in water
in a proportional proportion has been studied. And their results have been detected
in 7, 28 and 90 days intervals.
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2 Literature Review

2.1 Leonard (1991)

As stated by Leonard John Murdock, a neat pieced good quality brick offers satis-
factory aggregates, with great strength as well as concreteness if the brick is from
good quality rock; a well-engineered as well as connected brick if graded gives good
concrete option for average strength. When second-hand blocks are utilized, it is
imperative to get rid of every plaster so that the calcium sulfate content will not
prevent setting or lead to disintegration within a short period. Always make sure
to avoid blocks with sulfates soluble of more than or up to 0.50%. It is advisable
to utilize brick aggregates that are highly saturated due to comparatively soaring
absorbency level. It is also not advisable to use porous kind of block as aggregates in
non-breakable concrete activities due to the problem of diffusion of dampness that
might cause decomposition of steel fortification [17].

2.2 Al Saffar (2018)

In his paper, he told that the cementmortar reports on the effectiveness of the calcined
clay (CC) on the strength characteristics of the calcining temperature (800 for 1 h).
A set of eight different mortar blends was inserted and tested with different cement
replacement levels (2.5–20% from the weight of cement). Based on the results of
these tests, the impact on the aspects of strength in the cement mortar was discussed
and analyzed. Tested mortar tests have identified tensile strength, compressed power,
coefficient of water absorption, water absorption and the results of softness. FTIR
and XRF tests were made to identify chemical composition and minerals. The result
of this investigation is clear by the power test and shows significant improvement in
the mechanical properties [18].

2.3 Sabir (1996)

He has replaced metakaolin with cement in proportion to 0, 5, 10, 15, 20, 25 and 30%
in his experimental research work. (I) According to their experiment, they showed
that metakaolin reactedwith liberated lime and acted as a resistant to chloride. (II) He
found that compression strength is good on the replacement of 25%metakaolin. (III)
The microstructure of mixed mortar composed of metakaolin displays the compact
structure and a homogeneous structure [19].



472 A. Shukla and N. Gupta

Table 1 Chemical properties
of cement

S. No. Chemical properties Percentage

1 SiO2 20.98

2 Al2O3 5.42

3 Fe2O3 3.92

4 CaO 62.85

5 MgO 1.76

6 Na2 0.28

7 K2O 0.53

8 SO3 2.36

9 Loss on ignition 1.90

Table 2 Physical properties
of cement

S. No. Physical properties Test result

1 Normal consistency 32%

2 Final setting time 255 min

4 Initial setting time 75 min

5 Color Gray

6 Specific gravity 3.14

3 Raw Materials Used

3.1 Ordinary Portland Cement (OPC)

Concretes mortar or cements are described as substances having cohesive and adhe-
sive characteristics that enable it to bind mineral pieces in a compressed solid when
mixed with water. The cement bought for this test and use was of forty-three (43)
grade. The attributes are as in Tables 1 and 2.

3.2 Fine Aggregate

Sand. Example of the form of sand used is river sand. The dimension of the fine
aggregate used is less than or equal to 4.75 mm. The characteristics of the river sand
testing are shown in Table 3.
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Table 3 Physical properties
of sand

S. No. Physical properties Test result

1 Specific gravity 2.60

2 Water absorption 1.10%

3 Fineness modulus 3.30%

4 Compacted bulk density 1644 kg/m3

5 Zone II

3.3 Calcined Clay

Calcined clay cement is a kind of low carbon cement. The main components of
calcined clay are selected stone, clinker and gypsum. The chemical component of
calcined clay used in this experimental work is stated in Table 4. And Fig. 1 illustrates
calcined clay in the example [20].

Table 4 Chemical
component of calcined clay

S. No. Chemical properties Percentage

1 Al2O3 22.34

2 SiO2 70.42

3 Fe2O3 2.34

4 MgO 0.16

5 CaO 0.49

6 TiO2 1.1

7 Na2O 0.1

8 SO3 0.02

9 K2O 0.19

10 Loss on ignition 2.84

Fig. 1 Calcined clay



474 A. Shukla and N. Gupta

4 Methodology and Result

See Fig. 2.

4.1 Water Absorption Test for Cement Mortar

The experimentation technique is utilized for examining the frequency of absorption
or water sorptivity using hydraulic cement. The test is carried out by measuring the
increment in the weight of the sample from the water absorption as related to the
time when just one section of the sample is in water.

Test technique. In this test, the samples are dried using oven device at a specific
temperature and for a particular period of time. Then, they are kept in the desiccators
for cooling effect. The water sorptivity is a porous substance which explains the
capillary assimilation frequency of the porous substance that is exposed to the water
surface. This is the standard parameterwhich defines the reinforced concrete covering
quality. The entire experimental table given shows the ratio of calcined clay to CC0
to CC20 (Fig. 3 and Table 5).

4.2 Sorptivity Test

In this test, the results of the water increase absorption rate of cement mortar samples
have been detected [21–24]. For the first time, cement mortars have been molded in

Fig. 2 Experimental methodology
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Fig. 3 Graph 1: Water
absorption test value
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Table 5 Water absorption test

S. No. Addition proportion Mix Water absorption (%)

28 days 90 days

1 Calcined clay 0% CC0 1.35 1.39

2 Calcined clay 4% CC4 1.45 1.5

3 Calcined clay 8% CC8 1.52 1.64

4 Calcined clay 12% CC12 1.58 1.77

5 Calcined clay 16% CC16 1.99 2.07

6 Calcined clay 20% CC20 2.28 2.43

mortar samples and their results have been detected in 7 and 28 days intervals. The
results of this test are shown in Table 6 (Fig. 4).

Table 6 Sorptivity test

S. No. Addition proportion Mix Sorptivity test (%)

28 days 90 days

1 Calcined clay 0% CC0 0.45 0.43

2 Calcined clay 4% CC4 0.48 0.46

3 Calcined clay 8% CC8 0.53 0.5

4 Calcined clay 12% CC12 0.57 0.52

5 Calcined clay 16% CC16 0.67 0.6

6 Calcined clay 20% CC20 0.92 0.87
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Fig. 4 Graph 2: Sorptivity
test
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Table 7 Compressive strength test on cement mortar

S. No. Addition proportion Mix Compressive strength (N/mm2)

7 days 28 days 90 days

1 Calcined clay 0% CC0 34.67 43.33 46.14

2 Calcined clay 4% CC4 34.11 44.97 49.24

3 Calcined clay 8% CC8 33.26 42.16 50.15

4 Calcined clay 12% CC12 33.11 40.21 51.97

5 Calcined clay 16% CC16 31.16 37.67 48.94

6 Calcined clay 20% CC20 28.24 36.55 47.86

4.3 Compressive Strength Experiment

Hydration process is a key factor for the strength of concrete and cement mortar. Due
to the hydration process in cement mortar and concrete, the strength is very good
[25, 26]. During this test, samples of cement mortar have been found to be the result
of compression strength in the interval of 7 and 28 days. To achieve the results of the
compression strength test, samples have been kept wet for 7 and 28 days in water.
And then the cement mortar samples were taken out of the water and the results were
obtained by CTM machine. The results of the compression strength are shown in
Table 7 (Fig. 5).

4.4 Compressive Strength for Cement Mortar After 2% HCl
Curing

HCl acid is a simple chlorine-based acid system with water. This is a confluence of
water and hydrogen chloride. HCl is an important industrial chemical and chemical
reagent. It is used in the production of polyvinyl chloride in plastic. HCl acid is also
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Fig. 5 Graph 3:
Compressive strength of
cement mortar
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Fig. 6 Graph 4:
Compressive strength and
weight loss
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used as a leather processing [27]. Cement mortar samples are soaked in mixed water
for 28 days. The amount of 2% hydrochloric acid (HCl) in this water has been added.
In this research, the effect was studied due to HCl acid on cement mortar and after the
28 days of HCl mixed water, the result of the compression strength of these samples
was detected (Fig. 6 and Table 8).

4.5 Compressive Strength with Acetic Acid

After the formic acid, the second simplest carboxylic acid is acetic acid. It is an
industrial chemical and chemical reagent. It is mainly used for polyvinyl acetate for
wood glue, cellulose acetate for clothing, photographic film and synthetic fiber [28].
Cement mortar samples are soaked in mixed water for 28 days. The amount of 2%
acetic acid in this water has been added. In this research, the effect was studied due
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Table 8 Weight loss and compressive strength after HCl curing

S. No. Addition proportion Mix Wt. loss percentage
after 28 days

Compressive strength
percentage after 28 days

1 Calcined clay 0% CC0 4.5 7.26

2 Calcined clay 4% CC4 3.2 6.73

3 Calcined clay 8% CC8 2.6 5.92

4 Calcined clay 12% CC12 2.42 4.39

5 Calcined clay 16% CC16 2.34 3.75

6 Calcined clay 20% CC20 2.29 3.56

to acetic acid on cement mortar and after the 28 days of acetic acid mixed water, the
result of the compression power of these samples was detected (Fig. 7 and Table 9).

Fig. 7 Graph 5:
Compressive strength and
weight loss
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Table 9 Weight loss and compressive strength after acetic acid curing

S. No. Addition proportion Mix Wt. loss percentage
after 28 days

Compressive strength
percentage after 28 days

1 Calcined clay 0% CC0 3.8 5.36

2 Calcined clay 4% CC4 2.9 4.73

3 Calcined clay 8% CC8 2.3 3.86

4 Calcined clay 12% CC12 2.12 3.19

5 Calcined clay 16% CC16 1.92 2.89

6 Calcined clay 20% CC20 1.86 2.21
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5 Conclusion

Based on current experimental analysis on partial replacement of calcined clay with
cement mortar are as follows:

• As a result of the water absorption test, the water absorption has increased in every
proportion for 28 and 90 days.

• As a result of the sorptivity test, there has been an increase in water absorption in
every proportion for 28 and 90 days.

• Cement mortar affects the compression strength of mortar on increasing or
decreasing the proportion of calcined clay in the mixture.

• In compression strength test, it was found that 90 days result in higher strength at
12% ratio.

• The compression strength test also found that during the 7 days interval the result
is reduced continuously.

• Due to soaking of cement mortar in HCl and acetic acid mixed water for 28 days,
mortar starts losing weight.
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Comparison of Strength Activity
of Limestone-Calcined Clay and Class F
Fly Ash

Dhanada K. Mishra, Jing Yu and Christopher K. Y. Leung

Abstract This study aims to investigate the pozzolanic strength activity of three
kinds of supplementary cementitious materials (SCMs)—a limestone-calcined clay
from India and class F fly ashes from China as well as India. Using the ASTM C311
strength activity index test method, the effect of the different pozzolan replacement
levels of cement (0, 20, 50 and 80%, by weight) was investigated. Compressive
strength at 3, 7, 14, 28 and 90 days under standard curing was recorded. It was
observed that the effectiveness of the pozzolan in mortars depends on particle size
distribution, glassy or amorphous nature, surface area and replacement level. The
results in this study provide insights into the mix design and applications of high-
volume pozzolanic cementitious materials that promote solid waste recycling in
construction industry.

Keywords Limestone-calcined clay pozzolan · Fly ash · Compressive strength ·
Strength activity index

1 Introduction

Sustainable development is a kind of development that meets the needs of the present
without compromising the ability of future generations to meet their own needs [1].
The exponential increase in greenhouse gas emissions even after Kyoto protocol and
Paris agreement having come to effect indicates serious potential consequences of
climate change. Unlike developed countries, China and India with their much higher
economic growth rates are likely to continue to increase in their share of greenhouse
gas emissions in coming decades. As shown in Fig. 1a, cement industry accounts
for 6–7% of the global greenhouse gas emissions [2]. Figure 1b shows that China
(30%) and India (7%) account for 37% of the total carbon emissions as of 2014

D. K. Mishra (B)
KMBB College of Engineering and Technology, Bhubaneswar, Odisha 751003, India
e-mail: dhanadam@ust.hk

D. K. Mishra · J. Yu · C. K. Y. Leung
Department of Civil and Environmental Engineering, Hong Kong University of Science and
Technology, Hong Kong SAR, PR China

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_55

481

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_55&domain=pdf
mailto:dhanadam@ust.hk
https://doi.org/10.1007/978-981-15-2806-4_55


482 D. K. Mishra et al.

Fig. 1 a Global carbon emissions from fossil fuels and b emissions by countries in 2014 [2]

[2]. Concrete being the most consumed man-made material and Portland cement,
the primary manufactured component of concrete, is particularly polluting as OPC
contributes almost a metric ton (MT) of CO2 per MT of cement produced.

There is a global effort to produce greener cement and reduce the consumption of
the materials by using alternative binders and supplementary cementitious materials
(SCMs) to produce blended cement as well as concrete with lower cement content
[3–5]. Coal combustion ash or pulverized fuel ash, simply known as fly ash (FA), is
a by-product of thermal power production in coal-fired plants. This industrial waste
has proven to be an effective pozzolanicmaterial with properties suitable to be used in
cement production and as a mineral admixture in concrete [6]. The annual generation
of fly ash is around 600millionMT in China and around 220millionMT in India, out
of which only approximately 70 and 60% of the fly ash is reused in these countries
[7, 8].

It is likely the total amount of SCM such as fly ash and blast furnace slag (by-
product of steel making) available globally is inadequate to satisfy the likely demand
from the construction industry [9, 10]. In this context, limestone-calcined clay (LC2)
has been proposed as a low cost, readily available and green substitute that can be
used both formaking cement aswell as in concrete as a pozzolanicmineral admixture
or SCM [10, 11]. The green cement known as limestone-calcined clay cement (LC3),
which is a blend of ordinary Portland cement (OPC) clinker and LC2 is being actively
promoted by a consortium of researchers from Switzerland, Cuba and India. It is
estimated that if all Portland cement can be replaced by a green LC3 cement with
50% clinker, 30% calcined clay, 15% limestone and 5%gypsum, the carbon emission
from cement manufacturing can be reduced by up to 30% [10, 12, 13].

2 Research Significance

This paper reports strength development of high-volume pozzolanic cementitious
materials with LC2 and fly ash. This would help substitute up to 80% of cement by
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pozzolans in concrete and achieve 28-day compressive strength of 45 MPa as well
as required early strength [14, 15]. Such low carbon mortar compositions can also
be used in practical green concrete and strain-hardening cement composite (SHCC)
mixes which can address the major weaknesses of conventional concrete, viz. its
environmental sustainability and brittle fracture under tension [16–18].

3 Experimental Investigation

3.1 Materials

Type I 52.5N Portland cement manufactured by the Green Island Cement Co., Ltd
in Hong Kong which met all the requirements of BS EN 197-1 [19] was used. Two
different class F fly ashes—one supplied by the China Power and Light Co., Ltd in
Hong Kong, China; another obtained from NTPC Thermal power plant in Kaniha in
the eastern state ofOdisha in India [20]were used. The limestone-calcined clay (LC2)
material was also sourced from India from a batch of pilot production described in
Bishnoi et al. [21]. Standard silica sand per ASTM C778 [22] was used as the fine
aggregate.

Table 1 shows the chemical composition procured by X-ray fluorescence (XRF)
analysis of the two fly ashes and the LC2 as compared to that of Type I Portland
cement. SEM images of Indian fly ash and LC2 material are shown in Fig. 2, and
the morphology of the Chinese fly ash is very similar to that of the Indian fly ash.
Figure 3a presents the particle size distributions of the cement, fly ashes and LC2
material obtained from aMicrotrac Bluewave Laser particle size analyzer. The X-ray
diffraction (XRD) analysis of the three powder materials is shown in Fig. 3b. The

Table 1 XRF data of Portland cement (PC), fly ash (FA) and limestone-calcined clay (LC2)

Material OPC Chinese FA Indian FA LC2

LOIa (%) 1.2 2.5 1.7 1.2

Al2O3 (%) 4.4 18.9 27.5 31.3

SiO2 (%) 20.2 49.8 64.6 45.8

Fe2O3 (%) 3.4 11.4 3.5 3.4

CaO (%) 63.9 9.3 1.1 14.5

SO3 (%) 4.7 2.1 – 1.7

MgO (%) 2.1 3.6 – 0.0

Na2O (%) 0.1 1.6 – 0.0

K2 (%) 0.4 1.8 1.3 0.7

TiO2 (%) – – 1.9 2.6

aLoss on ignition
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Fig. 2 Scanning electron microscope (SEM) images of a Indian fly ash and b limestone-calcined
clay
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Fig. 3 a Particle size distribution of Portland cement (PC), fly ash (FA) and limestone-calcined
clay (LC2); bX-ray diffraction (XRD) results of Portland cement (PC), fly ash (FA) and limestone-
calcined clay (LC2)

loss on ignition for LC2 is the highest due to the decomposition of CaCO3 into CaO
and CO2.

From the chemical compositions of thematerials listed in Table 1, the twofly ashes
are both categorized as class F as per ASTM C618 [23]. The Chinese fly ash has
significantly higher calcium oxide compared to the Indian fly ash, which can result
in higher pozzolanic strength activity. This is particularly important in ultrahigh-
volume pozzolan cementitious materials, where calcium hydroxide produced from
cement hydration may not be adequate to react with all the pozzolanic material in
the mix.
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3.2 Mix Design and Testing Procedure

A series of mortar mixes were designed as shown in Table 2. The experimental plan
was to test the mortar samples with 0, 20, 50 and 80% replacement of cement by
the three pozzolans under standard curing [24], and study their effects on strength
development. No superplasticizer was used during mixing although the workability
was significantly affected by the use of different pozzolans particularly LC2, given
its rather irregular particle geometry (Fig. 3). A Hobart HL800 mixer was utilized
to prepare the mortars. For each mortar mix in Table 2, the fresh property was
measured using the flow table test according to ASTM C1437 [25]. A characteristic
deformability factor, denoted by �, was calculated as:

� = (D1 − D0)/D0 (1)

where D1 is the average of two orthogonal diameter measurements after dropping
and D0 is the diameter of the bottom of the slump cone.

Cubic samples measuring 40 mm × 40 mm × 40 mm prepared and cured for
comparison purposes. Compressive tests were performed with a standard sample
holder to ensure a 40 mm × 40 mm loading area, with the test procedure following
ASTM C109/C109M [26]. The loading rate for compressive tests was 0.35 MPa/s.
For each data point, a minimum of three test results were averaged and reported along
with the coefficient of variation. The strength activity index (SAI) for the mixes with
different contents of pozzolans can be calculated as per ASTM C311/C311M [27]

Table 2 Mix proportions (weight ratio)

Mix Pozzolan Cement/Binder Pozzolan/Binder Sand/Binder Water/Binder

C100
(control)

– 1.0 0.0 2.75 0.484

C80FA20(C) Chinese
FA

0.8 0.2 2.75 0.484

C50FA50(C) Chinese
FA

0.5 0.5 2.75 0.484

C20FA80(C) Chinese
FA

0.2 0.8 2.75 0.484

C80FA20(I) Indian
FA

0.8 0.2 2.75 0.484

C50FA50(I) Indian
FA

0.5 0.5 2.75 0.484

C20FA80(I) Indian
FA

0.2 0.8 2.75 0.484

C80L20 LC2 0.8 0.2 2.75 0.484

C50L50 LC2 0.5 0.5 2.75 0.484

C20L80 LC2 0.2 0.8 2.75 0.484



486 D. K. Mishra et al.

as follows:

SAI = (
f pozzc / f controlc

) × 100% (2)

where f cpozz = compressive strength of the mix with pozzolan at a specific age, MPa;
f ccontrol = compressive strength of the control mix at the same age, MPa.

4 Experimental Results and Discussion

The results of the study are discussed in two parts, viz. the basic characteristics of
the pozzolanic materials and the fresh and hardened properties.

4.1 Characterization of Pozzolans

The SEM images of the fly ash contrast sharply against the image of the LC2 (Fig. 2).
The fly ash consists of spherical smooth particles, LC2 is characterized by angular
particles of random shapes. This difference is expected to affect the workability of
the mix. From the particle size distribution shown in Fig. 3a, the median particle size
of Type I PC, Chinese FA, Indian FA and the LC2 are 18.86µm, 6.76µm, 13.56µm
and 18.68µm, respectively. The Chinese fly ash has the finest particle size and would
be expected to have better pozzolanic strength activity as compared to the Indian fly
ash. The BET surface area measurement yields values of 2.328 m2/g for Chinese fly
ash, 0.696 m2/g for the Indian fly ash and 8.353 m2/g for the LC2. From the X-ray
diffraction (XRD) results for the three pozzolanic materials as well as the Portland
cement shown in Fig. 3b, the peaks corresponding to the Quartz (SiO2) and CaO are
visible to different degrees of intensity.

4.2 Fresh Property of Mortars

The characteristic deformability factors (�) for all the mixes listed in Table 2 are
summarized in Table 3. Compared to the control mix (� = 1.10), the mixes with
Chinese fly ash showed improved workability, from � = 1.15 for C80FA20(C) to
� = 1.35 for C20FA80(C), and the mixes with India fly ash had a similar trend.
However, the mixes incorporating LC2 had lower workability with a � no more than
1.05. As mentioned earlier, the water/binder ratio was constant and superplasticizer
was not used to compensate for the variation in workability. The lower workability
of LC2 mixes was compensated by its much higher surface area and calcium content
resulting in comparable strength development.
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Table 3 Summary of characteristic deformability factor (�) and comp. strength (in MPa)

Mix Characteristic
deformability
factor

3-day
comp.
strength

7-day
comp.
strength

14-day
comp.
strength

28-day
comp.
strength

90-day
comp.
strength

C100
(control)

1.10 27.0(1.3) 32.4(0.7) 36.6(1.8) 43.6(0.8) 45.6(1.4)

C80FA20(C) 1.15 23.6(2.1) 28.7(2.2) 30.9(3.4) 38.3(1.9) 39.2(1.4)

C50FA50(C) 1.21 14.3(0.7) 20.6(1.3) 23.6(0.9) 30.6(2.7) 38.8(1.2)

C20FA80(C) 1.35 3.4(0.4) 5.8(0.4) 6.5(0.5) 8.3(1.4) 12.0(0.4)

C80FA20(I) 1.10 19.1(1.9) 24.7(2.8) 28.6(3.5) 32.0(1.5) 41.2(2.5)

C50FA50(I) 1.19 11.3(0.7) 14.5(0.3) 15.6(1.8) 20.3(1.4) 31.9(1.6)

C20FA80(I) 1.31 4.4(0.2) 5.1(0.1) 5.8(0.4) 7.0(0.4) 12.9(0.5)

C80L20 1.05 22.2(2.2) 29.6(2.5) 33.0(4.7) 35.4(2.3) 38.3(5.6)

C50L50 1.03 10.5(1.4) 15.8(2.4) 16.4(0.4) 18.7(0.5) 18.9(0.8)

C20L80 1.00 4.7(0.1) 5.5(0.3) 5.9(0.1) 6.7(0.2) 6.9(0.2)

Note Data in brackets is the standard deviation

4.3 Compressive Strength and Pozzolanic Strength Activity
Index

Table 3 summarizes the compressive strength of all the mixes at 3-day, 7-day, 14-
day, 28-day and 90-day ages under standard curing conditions. The coefficients of
variation of the results are 3.5–10.3% for different mixes, which indicates reasonable
uniformity among samples. The 28-day compressive strength of control sample is
lower than expected due to variation in manual casting procedure and inadequate
compaction. However, since the identical procedure is used for all mixes, the relative
strengths are reasonable and can be used to understand the effect of pozzolan addition
on strength as shown in Fig. 4.

The overall trend of strength development with increasing age is reasonable.
According to Eq. 2, the pozzolanic strength activity indices for the mixes with dif-
ferent replacement levels of pozzolan at different ages can be calculated, and the
results are shown in Fig. 4. For the mixes with Chinese fly ash, the index is about
88% for C80FA20(C), about 70% for C50FA50(C) and 19% for C20FA80(C). In
other words, the index is decreased with increasing replacement level of pozzolan.
The same trend can be observed for the mixes with Indian fly ash and LC2, and the
indices are 73% and 81% for Indian fly ash and LC2, respectively. It is interesting to
note that while there is not much increase in strength after 28 days for the control and
LC2 mixes unlike the mixes with both fly ashes. These results indicate that in order
to use LC2 in place of fly ash in ultra high-volume pozzolanic concrete (17, 18), a
similar approach of low water binder ratio and liberal use of superplasticizer can be
adopted. However, the long term strengths may not be as high as fly ash concrete.
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Fig. 4 Strength activity indices of mortars with different pozzolan substitutes

5 Conclusions

The following conclusions can be made according to the materials used and the test
results from current phase of this study:

1. The workability of the standard mortar when using fly ash showed increased flow
unlike in case of LC2, which resulted in significantly reduced flow properties.
In spite of the reduced workability, LC2 seems to have a comparable strength
activity index given its much higher BET surface area compared to the two fly
ashes studied.

2. When tested according to pozzolanic strength activity tests recommended by
ASTM C311/C311M, the strength activity index was found to be 88, 73 and
81% for the Chinese fly ash, Indian fly ash and LC2, respectively.

3. It is postulated that the higher amorphous nature, finer particle size distribution,
higher calcium content and surface area of the Chinese fly ash give comparatively
better performance.
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Limestone Calcined Clay as Potential
Supplementary Cementitious
Material—An Experimental Study

Revanth Kumar Kandagaddala, Vikas Manare and Prakash Nanthagopalan

Abstract The present study aims to explore the potential of using limestone calcined
clay (LC2) blend as a supplementary cementitiousmaterial. The cement was replaced
with LC2 blend (by volume), and experiments were carried out at the same solid
volume concentration. Initially, the influence ofLC2 particles on cementwas assessed
through wet packing density studies. Further, fresh properties were evaluated using
rheological studies, setting time for all the experimental combinations. Also, the
compressive and flexural strengths for different combinations were determined at
various ages (up to 56 days). The results are discussed in the light of optimal and
maximum replacement levels based on the performance of cementitious mortars in
the fresh and hardened state.

Keywords Limestone calcined clay · Rheology · Packing studies · Compressive
strength

1 Introduction

The use of supplementary cementitious materials (SCM) in cement is strongly
prompted to reduce the clinker factor in the manufacturing of cement, which in
turn reduces the CO2 emissions. However, most of the SCMs such as pulverised fuel
ash, ground-granulated blast-furnace slag, silica fume, and bagasse ash are either
industrial by-products or agro-based residues. Due to their limited availability [1]
and logistical issues, the need for alternative materials with technical and economic
feasibility becomes essential. Materials such as fly ash, silica fume, and limestone
powder are being used up to 5% as performance improvers in the manufacturing
of ordinary Portland cement [2]. Research [3] shows that the addition of limestone
powder to cement is beneficial in terms of filler effect, providing additional nucle-
ation sites for hydration, stabilising ettringite, and the formation of carboaluminates,
thus improving the fresh (workability) and hardened properties and durability of
concrete [3–5]. From the viewpoint of availability, clay is abundant in nature [6], and
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dehydroxylation of kaolinite clay by thermal treatment around 600–800 °C produces
metakaolin, which has pozzolanic properties due to the presence of amorphous alu-
mina and silica. Addition of metakaolin to cement has been beneficial in terms of
mechanical properties and durability of concrete [6–9]. Recent investigations on the
combination of limestone powder and metakaolin were found to have a synergistic
effect. Calcite in limestone reacts with alumina in metakaolin and produces hemi-
carboaluminates and monocarboaluminates, leading to pore refinement [10]. This
study is focussed on utilising the potential of limestone calcined clay (LC2) blend as
a suitable supplementary cementitious material in cementitious mortar.

2 Materials

2.1 Cement and Limestone Calcined Clay

Ordinary Portland cement (OPC) of 53 grade conforming to IS 269 [2] and LC2 were
used in the investigation. The ratio of calcined clay to limestone was kept as 2:1 (by
weight) based on the earlier studies [11, 12]. The physical properties of materials and
the chemical composition of the materials are given in Tables 1 and 2, respectively.
The morphology of cement and LC2 are shown in SEM pictures in Fig. 1.

2.2 Fine Aggregates

The fine aggregates (FA) were standardised to eliminate the subjectivity owing to
minor variation in particle-size distribution while taking from the storage area. The
fine aggregates were sieved according to each size fractions and stored in separate
bins. The aggregates from each bin were selected based on gradation corresponding

Table 1 Physical properties of materials

Property OPC LC2

Specific gravity 3.14 2.68

Specific surface area (Blaine’s), m2/kg 342.00 577.48

Table 2 Chemical composition of materials (wt%)

Oxide CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2 LOI

Cement 61.7 22.5 5.7 3.0 1.4 0.3 0.4 2.5 – 2.5

LC2 28.29 34.28 19.45 3.43 1.38 0.31 0.27 1.58 1.63 9.21
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Fig. 1 Scanning electron microscope (SEM) images of a cement and b LC2

to Zone-II of IS 383 [13]. The specific gravity and water absorption of FA were 2.69
and 2.73%, respectively.

2.3 High-Range Water-Reducing Admixture (HRWRA)

A polycarboxylate-ether-based water reducer with a specific gravity of 1.10 and 45%
solid content was used in the investigation.

3 Experimental Work

3.1 Pozzolanic Reactivity of Limestone Calcined Clay

Limestone calcined clay was evaluated for its pozzolanic reactivity by lime reactivity
test.Mortar cubes of 50mmsizewere prepared as per IS 1727 [14], and the specimens
were kept in a moist environment for the first two days and stored in a chamber
at 50 °C and 90% RH for the next eight days. RH was maintained in the chamber
using saturated potassium sulphate solution. The compressive strength of themortars
determined at the age of ten days is an indication of the reactivity of pozzolana.
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3.2 Packing Density Studies

Cement was replacedwith LC2 blend (by volume) at 0, 5, 10, 20, 30, 50, 70, and 90%,
and experiments were carried out to determine the wet packing density by Puntke
test [15].

Sample Preparation—Rheological Studies The pastes were prepared with 0, 5,
10, 20, and 30% volume replacement of cement with LC2 at a constant w/p of 0.45.
The powders were initially dry blended in a turbularmixer for better homogenisation.
The cementitious pasteswere prepared using planetarymixer, andmixingwas carried
out for three minutes. All the rheological measurements were made at the 8th minute
after the addition of water.

3.3 Rheology

Rheology is the study of flow and deformation of matter under the action of shear
stress [16]. Generally, during pumping, the flow of concrete in a pipe occurs as a
plug surrounded by a thin layer of paste called lubrication layer. This lubrication
layer facilitates the movement of concrete. In the case of plug flow, the pumping
pressure is dictated by the rheological properties of the lubrication layer rather than
bulk concrete [17]. Hence, rheological investigations were carried on paste level
targeting the pumping applications of concrete. Rheological studies were carried at
the same solid volume concentration using a controlled shear rate rheometer. The
adopted geometry is a cup and bob with the outer and inner cylinder as 28.8 mm and
26.6 mm, respectively.

Shearingprotocol. The shearingprotocol for evaluating the rheological parameters
is shown in Fig. 2a. The shear profile needs to be formulated in such a way that it
should resemble the velocity profile of the lubrication layer [18] and achieve a steady

Fig. 2 a Shearing protocol and b typical flow curve for the rheological evaluation
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state at each measuring point. To satisfy the requirement, the following assumptions
were made to determine the maximum shear rate in the shear profile.

1. The thickness of the lubrication layer is around 2 mm [19].
2. The velocity profile is uniform throughout the cross-section of the pipe.
3. The diameter of the pipe and discharge of concrete are 125 mm and 12 m3/h,

respectively. These suit the requirement of general pumping operations carried
out in Mumbai region, India.

Shear rate, γ ′ = Q

Ah
= 12 × 1000 × 4

π × 0.1252 × 3600 × 2
= 135−150

(
1

s

)

The shearing cycle consists of two parts. First part is pre-shearing, performed at
175 s−1, to have a consistent shear history before eachmeasurement. The second part
is for data recording, in which the down curve is selected for analysis to get robust
data. For the applied shear rate, the corresponding shear stress was measured. A plot
(flow curve—Fig. 2b) wasmade between the shear stress and shear rate. The dynamic
yield stress (intercept on Y-axis) and plastic viscosity (slope) were determined by
analysing the flow curve using the Bingham model.

3.4 Mortar Preparation

Mortars were prepared with 0, 5, 10, 20, and 30% volume replacement of cement
with LC2 and fine aggregates using the planetary mixer as follows: two minutes
of dry blending for homogenisation and three minutes of intense mixing after the
addition of water. The mixture proportions were given in Table 3.

Table 3 Details of mortar mixture proportions

Mixture ID LC2—0% LC2—5% LC2—10% LC2—20% LC2—30%

Cement: LC2 (by vol.) 1:0 0.95:0.05 0.9:0.10 0.80:0.20 0.70:0.30

Water-to-binder ratio 0.45 0.45 0.45 0.45 0.45

HRWRA (%) 0.3 0.3 0.3 0.3 0.3

Binder: fine aggregate (by
wt.)

1:3 1:3 1:3 1:3 1:3
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3.5 Mini-Slump Cone Test—Flowability

In this study, the flow properties of mortar were determined by using a mini-slump
cone for cement mortar as described in IS 4031: Part 7 [20]. The spread is measured
in two perpendicular directions.

3.6 Fresh and Hardened Properties of Mortar

Setting time of mortars was determined as per ASTM C 807 [21]. Specimens were
cast in 40 × 40 × 160 mm moulds for compressive strength and flexural strength
and cured in saturated lime water (0.3% concentration) until testing. The specimens
were tested as per EN 196-1 [22].

4 Results and Discussion

4.1 Pozzolanic Reactivity of Limestone Calcined Clay

Asper IS 1727 [14], LC2 showed a lime reactivity of 9.2MPa, satisfying theminimum
requirements of 4.0 MPa as per IS 1344 [23].

4.2 Packing Density Studies

From Fig. 3a, it is evident that the packing density of powders increased up to 5%
replacement of LC2. Further increment in the replacement leads to a reduction in the
packing density. The packing system depends upon the particle size/gradation, shape,
compaction, wall effect, or loosening effect [24]. The size, shape, and compaction
effort are same for all the combinations. Depending on the dominant percentage
of particles in the system, the gradation of particles and the wall effect/loosening
effect will change. Therefore, while replacing cement with LC2, the packing system
of cement particles is dominant, and LC2 particles are packed based on the voids
between the cement particles. In the case of higher replacement levels (i.e., above
50%LC2), LC2 particles will be the dominant fraction, in turn, dictate the packaging.
If the size of the cement particles exceeds the size of voids between the LC2 particles,
the packing structure is disturbed, leading inmore voids in the system. This is evident
fromFig. 3a. Finally, the packingof 100%LC2 ismore than100%of cement particles.
Although LC2 particles are relatively large in size, as shown in Fig. 3b, the higher
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Fig. 3 a Wet packing density of cement blended with LC2 and b particle-size distribution of LC2

and OPC

packing density of LC2 particles could be due to the presence of suitable size fractions
of fine particles in LC2 getting packed between the voids of larger particles compared
to cement particles.

4.3 Rheology

Lower yield stress implies that it requires less resistance to flow, and can be under-
stood with high workability. From Fig. 4a, it is observed that yield stress of cemen-
titious paste decreased slightly at 5% replacement of LC2. This could be attributed
to the better packing density (refer Fig. 3a) of cement and LC2 blend, leading to
enhanced flow properties. This is in line with the observations in the past research
[25]. As all the paste combinations are with same solid volume fraction, the increase

Fig. 4 Rheological behaviour of pastes substituted with LC2. a Variation of yield stress and plastic
viscosity at different replacement levels and b viscosity curve for various replacement levels
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Table 4 Spread of mortars blended with LC2

Mixture ID LC2—0% LC2—5% LC2—10% LC2—20% LC2—30%

Spread (mm) 195 235 230 155 130

in yield stress beyond 5% replacement can be attributed to the higher specific surface
area of LC2, which is 40% higher than cement which demands higher water content.

From Fig. 4a, it is observed that the viscosity of pastes remains same up to
10% replacement level and increased for higher replacement levels. This could be
attributed to the increased cohesion of pastes with LC2. From the viscosity curve, as
shown in Fig. 4b, it is observed that all the pastes exhibit shear-thinning behaviour,
which is beneficial from a pumping perspective, which otherwise may demand high
pressures. The rate of shear thinning decreases as the replacement level increases, and
the rate of shear thinning is lower for 5% replacement. The shear-thinning behaviour
might be due to the preferred orientation of particles and deagglomeration due to the
application of high shear rates [26].

4.4 Flowability

The results of the flowability of mortars for the different combinations are reported in
Table 4. From the results, it is evident that, with the increase in LC2 proportions, the
spread decreased, except at 5% replacement of LC2. The decrease in spread could be
attributed to the higher surface area and angular nature of LC2 particles. The highest
spread for LC2-5% combination can be understood due to the high packing density.

4.5 Fresh and Hardened Properties of Cementitious Mortar

From Table 5, it is clear that the setting time of mortar decreases as the replacement
level of LC2 blend increases. The decrement could be due to limestone powder
accelerating the reaction kinetics in the form of providing the nucleation sites [27].

From Fig. 5a, it is observed that at the age of 7 days the compressive strength of
all the LC2 combinations (up to 30%) is more than OPC-based mortar. This indi-
cates that the synergetic effect due to the presence of limestone and calcined clay in
cement systems forming calcium carboaluminates [10] leading to pore refinement

Table 5 Setting time of mortars blended with various percentages of LC2

Mixture ID (min.) LC2—0% LC2—5% LC2—10% LC2—20% LC2—30%

Initial setting time 165 142 135 100 80

Final setting time 205 215 180 135 100
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Fig. 5 a Compressive strength and b flexural strength of LC2-based mortars at the age of 7, 28,
and 56 days

is much pronounced until seven days. However, post seven days and upto 28 days,
the contribution from LC2 towards strength reduced slightly. This is evident from
Fig. 5. At 28 and 56 days, for 5% LC2 replacement, highest compressive strength
(~5 MPa more than LC2—0%) was achieved w.r.t OPC-based mortar due to the
relatively better packing density of the particles. For LC2 combinations (10–30%),
the compressive strengths are lower than OPC-based mortars at 28 and 56 days.
This could be attributed to the lesser packing density of mortar. With the increase in
age, all the combinations resulted in higher strengths. It is interesting to note that,
post 28 days, 16 MPa (approx. 20% of 56 days strength) gained with OPC mortar
(LC2—0%). Similar strength increments of 8–14 MPa for LC2-based combinations
were observed at 56 days. It is well established in the literature [12] that the contri-
bution of LC2-based reaction products on strength requirement is negligible beyond
28 days. This could be attributed to the contribution from OPC-based reaction prod-
ucts’ formation beyond 28 days. This is also clear with a decrease in the strength gain
with an increase in % replacement of LC2. From this observation, it is clear that the
LC2 contribution towards strength beyond 28 days is insignificant. A similar trend
was observed for the flexural strength of all the combinations. Considering the fact
that most of the construction sites rely on compressive strength at the age of 28 days
for acceptance, it is evident from Fig. 5 that the optimal replacement level of LC2 for
maximising the strength is 5% and the maximum replacement of LC2 for obtaining
almost equal performance of OPC mortar is 20%.

5 Conclusions

The following conclusions were drawn from this investigation in evaluating LC2 as
a potential pozzolana.

a. LC2 qualified as a pozzolanic material showing higher lime reactivity.
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b. With increased replacements beyond 10%, due to the higher surface area, the
yield stress and viscosity increased. This may demand higher water content or
water reducer for given workability in comparison with OPC mortar.

c. 5% (by vol.) replacement of LC2 exhibited better hardened properties due to
relatively higher packing density. Maximum of 20% LC2 replacement with
cement is possible without compromising on the strength w.r.t OPC mortar.

It can be concluded that LC2 can be regarded as a potential pozzolana. However,
the durability aspect needs to be evaluated for maximum replacements.
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Sustainable PVA Fiber-Reinforced
Strain-Hardening Cementitious
Composites (SHCC)
with Ultrahigh-Volume Limestone
Calcined Clay

Jing Yu and Christopher K. Y. Leung

Abstract Strain-hardening cementitious composites (SHCC) exhibiting tensile
strain-hardening and multiple-cracking behaviors are attractive for many construc-
tion applications. Compared to conventional concrete, typical SHCC are cost-,
energy- and carbon-intensive. Specifically, the cement content of typical SHCCmix-
tures can be as high as 600–1200 kg/m3. To reduce the material cost and improve
the sustainability of SHCC, one possible approach is to replace cement with sup-
plementary cementitious materials (SCM). It has been shown in the literature that
the limestone calcined clay (LC2) system is a promising source of SCM for conven-
tional concrete. This paper presents an attempt to use ultrahigh-volume LC2 (80%
by weight of binder) to produce polyvinyl alcohol (PVA) fiber-reinforced SHCC
with adequate compressive strength and excellent tensile performance. This version
of sustainable SHCC is applicable for many practical applications, and the substitu-
tion of high percentages of cement with LC2 can reduce the environmental impact
significantly.

Keywords Engineered cementitious composite · Fiber-reinforced concrete ·
Supplementary cementitious material · Limestone calcined clay · Polyvinyl
alcohol fiber · Tensile performance · Crack pattern

1 Introduction

Strain-hardening cementitious composites (SHCC) are a class of special fiber-
reinforced concrete (FRC) exhibiting strain-hardening and multiple cracking under
tension, and their compressive strength can be designed to range from 20 to 150MPa
[1]. According to themicromechanical theory, the fiber, matrix and fiber/matrix inter-
facial properties can be designed to achieve tensile strain-hardening by incorporating
around 2 vol.% of high-performance polymeric fibers (e.g., polyvinyl alcohol (PVA)
and polyethylene (PE)) [2–5]. The ultimate tensile strain of SHCC is typically 1–8%
(Fig. 1), which is several hundred times the tensile strain capacity of ordinary FRC
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Fig. 1 Typical tensile stress–strain curve and crack width development of SHCC (adapted from
[1])

and concrete; at the same time, the crack width can be controlled to less than 100µm
(Fig. 1) [1]. On account of the aforementioned excellent mechanical and durability
properties, SHCC are attractive materials for durable and resilient infrastructures and
buildings [6–8].

However, the commercial development of SHCC imposes additional consider-
ations, as the adoption of a new technology must be justified with advantages in
the cost–benefit ratio. In contrast with conventional concrete, while typical SHCC
materials are cost-, energy- and carbon-intensive, the long term benefits may be suf-
ficient to potentially drive this technology into the commercialization stage in the
near future in a number of countries [9]. Nevertheless, the cost reduction of SHCC
materials remains very important. Specifically, thematerial cost of typical PVAfiber-
reinforced SHCC (PVA-SHCC) is more than 9 times that of ordinary concrete [10].
To reduce the material cost and/or environmental impact of SHCC, one possible
approach is to replace cement with supplementary cementitious materials (SCM)
[11–16], while another approach is to partially or even totally replace the commonly
used PE/PVA fibers by other alternatives with lower cost [17–22].

It is likely the total amount of SCM including fly ash and blast furnace slag
available globally is inadequate to satisfy the likely demand from the construction
industry in the near future [23, 24]. Recently, limestone calcined clay (LC2) has been
proposed as a low-cost, readily available and green substitute that can be used for
making cement as well as in concrete as a SCM [23, 24]. It has been estimated that if
all Portland cement can be replaced by a green LC2 cement with 50% clinker, 30%
calcined clay, 15% limestone and 5% gypsum, the carbon emission from cement
manufacturing can be reduced by up to 30% [23, 25].
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So far, no studies on using LC2 to develop sustainable SHCC have been reported.
Based on the previous experience of the authors on developing sustainable PVA-
SHCC [10, 16] and Grade 45 structural concrete [26–28] with ultrahigh-volume fly
ash, the authors aim to explore the feasibility of making sustainable PVA-SHCCwith
ultrahigh-volumeLC2 (80%byweight of binder) in the present study. To achieve high
ultimate tensile strain, using lightweight fillers to lower thematrix fracture toughness
was also explored. Compressive strength after 7/28/90 days standard curing as well
as uniaxial tensile performance after 28 days standard curing were evaluated.

2 Experimental Program

2.1 Materials and Mix Proportion

Totally 6 mixes as listed in Table 1 were tested. Type I 52.5N Portland cement, silica
fume and limestone calcined clay (LC2, limestone:calcined clay = 1:2) sourced
from India were used as the binder materials. The chemical compositions of the
received cement, silica fume and LC2 materials are listed in Table 2. Silica sand
with particle sizes of 120–180 µm was used. To maintain the workability of the mix
(slump flow of 200 mm) and guarantee the uniform fiber dispersion, powder-form
polycarboxylate-based super-plasticizers (SP) were added. The nominal physical
properties of the Kuraray K-II REC15 polyvinyl alcohol (PVA) fibers are given in

Table 1 Mix proportions of sustainable PVA-SHCC with ultrahigh-volume LC2 (by weight)

Mix ID Binder Sand/Binder Filler/Binder Water/Binder SP/Binder
(%)

PVA
fiber
(vol.%)

Cement LC2

Control 0.2 0.8 0.2 0 0.40 0.24 2

AG-1 0.01 0.64

AG-2 0.02 1.10

FAC-2 0.02 0.28

FAC-4 0.04 0.32

FAC-6 0.06 0.37

Table 2 Chemical compositions of cement and limestone calcined clay

Materials LOIa

(%)
SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

CaO
(%)

MgO
(%)

SO3
(%)

Na2O
(%)

K2O
(%)

Cement 1.2 20.2 4.4 3.4 63.9 2.1 4.7 0.1 0.4

LC2 12.0 45.8 31.3 3.4 14.5 0.0 1.7 0.0 0.7

aLOI loss on ignition
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Table 3 Nominal properties of Kuraray K-II REC15 polyvinyl alcohol (PVA) fiber

Length (mm) Diameter
(µm)

Aspect ratio Elastic
modulus
(GPa)

Fiber
strength
(MPa)

Fiber density
(g/cm3)

12 39 308 42.8 1600 1.30

Table 3. To achieve high ultimate tensile strain by loweringmatrix fracture toughness,
two kinds of lightweight fillers were explored, namely fly ash cenosphere (FAC)
and aerogel (AG). FAC is a by-product of coal burning during electricity production
process, which is lightweight (550 kg/m3) and cost-effective. Aerogel is an extremely
light (100 kg/m3) nano-porous material composed of silica having a major volume
(94–95%) being the air voids.

2.2 Sample Preparation and Test Method

AHobart HL200mixer was used tomix thematerial. Specimens were cast in greased
steel molds on a vibrating table. After finishing the surface, the specimens were
covered with a polyethylene sheet to prevent moisture loss and kept under room
temperature for 24 h prior to demolding. After demolding, specimens were cured up
to 7/28/90 days in a fog room at the temperature of 23 ± 2 °C and relative humidity
of 95 ± 5%.

The compressive test was carried out with cube specimens measuring 50 mm ×
50mm× 50mm.An automatic compression testingmachine was utilized to perform
the compression tests, with a loading rate of 0.6 MPa/s.

The uniaxial tension test was performed with the dumbbell specimen recom-
mended by JSCE [29], with a middle part measuring 30 mm × 13 mm (Fig. 2).
Two external linear variable displacement transducers (LVDT) were attached to both

Fig. 2 Dimensions of dumbbell tensile specimen recommended by JSCE
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sides of the middle part of the tensile specimen to measure the elongation over a
gauge length of 80 mm. A 25 kN servo-hydraulic MTS testing system was used,
with the grips providing fixed support to both ends of the specimen (rotations and
transverse displacements were restrained). The displacement-controlled loading rate
was 0.5 mm/min [29].

3 Results and Discussion

3.1 Compressive Strength

The 7-day, 28-day and 90-day compressive strengths for the 6 mixes given in Table 1
are graphically shown in Fig. 3. The overall trend of strength development of these
mixes with ultrahigh-volume LC2 is different from that of ultrahigh-volume fly ash
mixes, as the ratios between the 7-day and 28-day compressive strengths can reach
75–82%. This is due to the higher reactivity of calcined kaolinite (the major pozzolan
in LC2) than common glassy SCM (e.g., fly ash) [23, 24]. In other words, using
ultrahigh-volume LC2 in cementitious materials does not significantly reduce the
early strength and delay the construction processes.

As shown in Fig. 3, the control mix achieved 26.89 MPa at 7-day age, 32.89 MPa
at 28-day age and 35.39 MPa at 90-day age, which should be adequate for many
non-structural or semi-structural applications as well as some structural applications
in rural areas. As expected, the addition of 1 wt% and 2 wt% aerogels lowered the
compressive strength by about 13% and 52%, respectively. On the other hand, adding
2 wt% FAC had negligible effect on the compressive strength, while incorporating
4 wt% and 6 wt% FAC increased the 28-day compressive strength by about 4% and
20%, respectively.

Fig. 3 Compressive strength
of different PVA-SHCC
mixes in Table 1
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3.2 Uniaxial Tension Performance

The 28-day uniaxial tensile stress–strain curves for the 6 mixes in Table 1 are
graphically shown in Fig. 4, and the major tensile characteristics are graphically
shown in Fig. 4.

Compared to the control mix, the addition of 1 wt% aerogels had negligible
effects on the first-cracking strength and tensile strength, but significantly increased
the ultimate tensile strain (from 1.41 to 4.21%) and the crackwidth (as indicated from
the curves). Additionally, the incorporation of 2 wt% aerogels significantly improved
the ultimate tensile strain (from 1.41 to 4.69%) and the crack control capacity (i.e.,
smaller crack width), but extremely lowered the tensile strength to 2.2 MPa. In a
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Fig. 4 28-day tensile stress–strain curves of different SHCC mixes: a control; b AG1; c AG2;
d FAC2; e FAC4; and f FAC6
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Table 4 Summary of major
tensile characteristics of
different PVA-SHCC mixes
in Table 1

Mix ID First-cracking
strength (MPa)

Tensile
strength (MPa)

Ultimate
tensile strain
(%)

Control 2.83 ± 0.25 3.77 ± 0.12 1.41 ± 0.37

AG-1 2.80 ± 0.15 3.75 ± 0.31 4.21 ± 1.11

AG-2 1.54 ± 1.17 2.21 ± 0.19 4.69 ± 1.49

FAC-2 2.47 ± 0.54 3.95 ± 0.29 2.51 ± 0.46

FAC-4 2.02 ± 0.42 4.11 ± 0.36 2.49 ± 0.38

FAC-6 1.96 ± 0.28 3.91 ± 0.22 2.54 ± 0.26

word, using aerogels in PVA-SHCC with ultrahigh-volume LC2 can increase the
ultimate tensile strain, but the optimal dosage for different applications should be
verified with the considerations of tensile strength and crack width control Table 4.

On the other hand, adding 2–6 wt% FAC slightly lowered the first-cracking
strength, slightly increased the tensile strength and significantly improved the ulti-
mate tensile strain (from 1.4% to about 2.5%). Though a higher dosage of FAC
did not increase the ultimate tensile strain, the crack control capacity was improved
(Fig. 4d–f).

4 Conclusions

This paper presents an attempt to use ultrahigh-volume LC2 (80% by weight of
binder) to produce polyvinyl alcohol (PVA) fiber-reinforced SHCC with adequate
compressive strength and excellent tensile performance. According to the results in
this study, the following conclusions can be drawn:

(1) SHCCwith 80 wt% LC2 in the binder system achieved 26.89MPa at 7-day age,
32.89MPa at 28-day age and 35.39MPa at 90-day age. This SHCCmix showed
tensile strength of 3.77 MPa and ultimate tensile strain of 1.41% at 28-day age.

(2) While maintaining comparable compressive strength to the control mix, adding
1 wt% aerogels or 2 wt% FAC as lightweight fillers in SHCC ultrahigh-volume
LC2 significantly improved the ultimate tensile strain from 1.41 to 4.21% and
2.51%, respectively.

This study offers an approach to develop sustainable SHCC. Future studies on
improvement of the ultimate tensile strain and the reduction of crack width are
recommended.
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Using Limestone Calcined Clay
to Improve Tensile Performance
and Greenness of High-Tensile Strength
Strain-Hardening Cementitious
Composites (SHCC)

Jing Yu and Christopher K. Y. Leung

Abstract High-tensile strength strain-hardening cementitious composites (HTS-
SHCC) can reduce the size of structural members, enhance the flexibility of architec-
tural design and make 3-D printed structures without steel reinforcements possible.
To produce HTS-SHCC, high-performance polyethylene (PE) fiber is widely used,
due to its high-tensile strength of about 3 GPa. However, PE fiber has a hydrophobic
and smooth surface, which limits the fiber/matrix interfacial bond strength. There-
fore, a large dosage of very fine powders (e.g., micro silica) has been generally
included in the matrix to densify the fiber/matrix interface and ensure sufficient
fiber-bridging capacity. Recently, it has been proved in the literature that limestone
calcined clay (LC2) system has a strong porosity refinement effect in cementitious
materials. Thus, LC2 has the potential to ensure sufficient fiber/matrix frictional bond
strength by replacing a fraction of cement by LC2 in HTS-SHCC, which can also
reduce the material cost and the environmental impact of the materials. This paper
presents a feasibility study of incorporating different dosages of LC2 (0, 20, 40, 60
and 80% of binder) in HTS-SHCC, with the focus on the tensile performance in
terms of tensile strength, ultimate tensile strain and crack pattern. The findings in
this study provide a new, low-cost and sustainable approach to produce HTS-SHCC.

Keywords Engineered cementitious composite · Fiber-reinforced concrete ·
Supplementary cementitious material · Limestone calcined clay · Polyethylene
fiber · High-tensile strength · Crack pattern · Environmental impact

1 Introduction

To overcome the brittle fracture nature of conventional concrete, a family of fiber-
reinforced cementitious composites with compressive strength ranging from 20 to
150 MPa—strain-hardening cementitious composites (SHCC) have been developed
[1]. Based on the design theory, the properties of the matrix, fiber and fiber/matrix
interface can be selected or tailored to achieve pseudo-ductile behavior with the
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addition of about 2% (volume fraction) of polyvinyl alcohol (PVA) or polyethylene
(PE) fibers [2–5]. The deformation capacity of SHCC under uniaxial tension can
reach 1–8%, and typically the crack width of multiple fine cracks can be controlled
to less than 100 µm [1]. Because of these outstanding properties, SHCC are clearly
superior to conventional concrete for resilient, durable and sustainable buildings and
infrastructures [6–9].

To achieve high-tensile strength (typically > 7 MPa) in SHCC, the following
approaches have been widely used: (1) using high strength polyethylene (PE) fiber
(about 3 GPa); (2) reducing the water/binder ratio to obtain a strongmatrix; (3) incor-
porating fine particles (e.g., micro silica, nano silica) to densify the microstructure
of fiber/matrix interface for improving the interfacial frictional bond and (4) treating
the surface of PE fibers to reduce the hydrophobicity for improving the interfa-
cial chemical and frictional bonds. Additionally, the high cement content (typically
1000–1600 kg/m3) in high-tensile strength SHCC (HTS-SHCC) is a consequence
of rheology control for uniform fiber dispersion as well as matrix toughness control
(i.e., to reduce matrix toughness by reducing sand/cement ratio) for strain-hardening
behavior [1]. To improve the sustainability of HTS-SHCC, one possible approach is
to substitute cement with supplementary cementitious materials (SCM) in the matrix
[10–16], while a more effective solution is to partially or even totally replace the PE
fibers by more cost-effective alternatives [17–20]. This study only focuses on the
first approach dealing with the matrix.

Recently, limestone calcined clay (LC2) has been proposed as a low cost, readily
available and green substitute that can be used both for making cement as well as
in concrete as a SCM [21, 22]. Specifically, it has been reported that LC2 has a
strong porosity refinement effect in cementitious materials [21, 22]. Thus, LC2 has
the potential to ensure sufficient fiber/matrix frictional bond strength by replacing a
fraction of cement by LC2 in HTS-SHCC, which can also reduce the cost and the
environmental impact of the materials.

So far, no studies on using LC2 to develop sustainable SHCC have been reported.
The aim of this study is to explore the benefits of partially replacing the cement
by LC2 in HTS-SHCC, with the LC2/binder ratios of 0, 20, 40, 60 and 80% by
weight. Compressive strengths at 7-day and 28-day ages, as well as uniaxial tensile
performance at 28-day age were evaluated.

2 Experimental Program

2.1 Materials and Mix Proportion

Type I 52.5N Portland cement and limestone calcined clay (LC2, limestone:calcined
clay= 1:2) sourced from India were used as the binder materials. Totally, five mixes
as listed in Table 1were tested, where the LC2/binder ratios range from 0 to 80%. The
chemical compositions of the received cement and LC2 materials are listed in Table
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2, and their particle size distributions are presented in Fig. 1. Silica sand with particle
sizes of 120–180 µmwas used. The nominal physical properties of the polyethylene
(PE) fibers are given in Table 3. To maintain the workability of the mix (slump flow
of 150–180 mm) with a low water-to-binder ratio (i.e., 0.2) to guarantee uniform
fiber dispersion, powder form polycarboxylate-based superplasticizers were added.

Table 1 Mix proportions (by weight)

Mix ID Binder Sand/binder Water/binder Superplasticizers/binder
(%)

PE
fiber
(vol%)

Cement LC2

C100 1.00 0 0.3 0.2 0.645 2.0

C80LCC20 0.8 0.2 0.800

C60LCC40 0.6 0.4 1.205

C40LCC60 0.4 0.6 2.554

C20LCC80 0.2 0.8 4.287

Table 2 Chemical compositions of cement and limestone calcined clay

Materials LOIa

(%)
SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

CaO
(%)

MgO
(%)

SO3
(%)

Na2O
(%)

K2O
(%)

Cement 1.2 20.2 4.4 3.4 63.9 2.1 4.7 0.1 0.4

LC2 12.0 45.8 31.3 3.4 14.5 0.0 1.7 0.0 0.7

aLOI Loss on Ignition
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Fig. 1 Particle size distributions of cement and limestone calcined clay
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Table 3 Nominal properties of polyethylene (PE) fiber

Length
[mm]

Diameter
[µm]

Aspect ratio Elastic
modulus
[GPa]

Fiber
strength
[MPa]

Fiber
density
[g/cm3]

Surface
coating

12 24 500 110 2850 0.97 N/A

2.2 Sample Preparation and Test Method

AHobart HL200mixer was used tomix thematerial. Specimens were cast in greased
steel molds on a vibrating table. After finishing the surface, the specimens were cov-
eredwith a polyethylene sheet to prevent moisture loss and kept under room tempera-
ture for 36 h prior to demolding. An exception was C20LCC80, which was demolded
after 84 h from casting, due to the significant retarding effect caused by a large dosage
of superplasticizers. After demolding, specimens were cured up to 7 or 28 days in a
fog room at the temperature of 23 ± 2 °C and relative humidity of 95 ± 5%.

The compressive test was carried out with cube specimens measuring 50 mm ×
50mm× 50mm.An automatic compression testingmachine was utilized to perform
the compression tests, with a loading rate of 0.6 MPa/s.

The uniaxial tension test was performed with the dumbbell specimen recom-
mended by JSCE [23], with a middle part measuring 30 mm × 13 mm (Fig. 2).
Two external linear variable displacement transducers (LVDT) were attached to both
sides of the middle part of the tensile specimen to measure the elongation over a
gauge length of 80 mm. A 25 kN servo-hydraulic MTS testing system was used,
with the grips providing fixed support to both ends of the specimen (rotations and
transverse displacements were restrained). The displacement-controlled loading rate
was 0.5 mm/min [23].

Fig. 2 Dimensions of dumbbell tensile specimen recommended by JSCE
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The single fiber pull-out test was performed on PE fibers to determine the
fiber/matrix interfacial properties. The general profile of single fiber pull-out per-
formance consists of two obvious stages: a debonding/pre-peak stage and a pull-
out/post-peak stage. After complete debonding, the entire embedded part of the fiber
undergoes pulling-out against the friction bond with continuously reduced embed-
ment length. Therefore, the fiber/matrix interface frictional bond (τ0) can be obtained
as follows [24]:

τ0 = Pb
πdfle

(1)

where Pb is the peak load of the single fiber pull-out curve; df is the fiber diameter; le
is the fiber embedment length (2 mm in this study). Details on the sample preparation
can refer to Curosu et al. [25] and Yu [17]. The pull-out tests were conducted at a
speed of 0.02 mm/s on a universal testing system MTS (Model E44.104). A 50-N
load cell was used to measure the pull-out forces, and the pull-out displacement was
obtained from the displacement of the actuator. At least six single fiber pull-out tests
were performed for each mix in Table 1.

3 Results and Discussion

3.1 Compressive Strength

Both 7-day and 28-day compressive strengths for the five mixes in Table 1 are
graphically summarized in Fig. 3. The 28-day compressive strengths for the first
four mixes are about 100–135 MPa for 50-mm cubic specimens, which is equivalent
to around 90–125 MPa for 100 mm cubic specimens [26]. Additionally, even when
80% of the cement was replaced by LC2 in C20LCC80, 28-day compressive strength
of 53.6 MPa (equivalent to 49.5 MPa for 100-mm cubic specimens) was achieved,
which is still attractive for many practical applications.

Compared to the control C100, both the 7-day and 28-day compressive strengths
increase for C80LCC20 and C40LCC60, and then decrease with increasing
LC2/binder ratios. The strength improvement in C80LCC20 and C40LCC60 should
be due to the strong porosity refinement effect of LC2 in cementitious materials
[21, 22].

Additionally, the ratio between 7-day and 28-day compressive strengths is shown
in Fig. 3, which indicates an interesting trend that the ratio increases at first, and
then decreases with increasing LC2 dosages. Actually, it was reported that calcined
kaolinite (the major pozzolan in LC2) is much more reactive than glassy SCM and
was expected to react rapidly at an early stage [21, 22], so why significant strength
improvement was still observed for mixes with ultra-high volume LC2 (C40LCC60
and C20LCC80)? As discussed in Yu et al. [27], for mixes with SCM, the Ca(OH)2
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Fig. 3 Compressive strength of different HTS-SHCC mixes in Table 1

content is affected by both the generation rate of the cement hydration as well as
the consumption rate by the pozzolanic reaction. Therefore, for C40LCC60 and
C20LCC80, the insufficiency of Ca(OH)2 due to the low cement content at early
stage (e.g., 7 days in this study) results in a relatively low degree of pozzolanic
reaction of LC2, while further pozzolanic reaction occurs with subsequent Ca(OH)2
from further hydration of cement at later stage.

3.2 Uniaxial Tension Performance

The uniaxial tensile stress–strain curves for the five mixes in Table 1 are graphically
shown in Fig. 4, and the major tensile characteristics are summarized in Table 4.

All the five mixes showed outstanding tensile strain-hardening behavior with the
ultimate tensile strain no less than 5% (Table 4), which is sufficient for almost all
construction applications. Compared to the control C100 (8.45 MPa), the tensile
strength was improved by about 36%, 55%, 51% and 3% for LC2/binder ratios of
20%, 40%, 60%and80%, respectively. Thefiber/matrix interfacial frictional bond for
different mixes is also summarized in Table 4. As discussed before, LC2 has a strong
porosity refinement effect in cementitious materials [21, 22], which means LC2 can
improve the fiber/matrix frictional bond and then the tensile strength of SHCC in
this study. Specifically, though the compressive strength of C40LCC60 (99.5 MPa)
is about 1/4 less than that of C60LCC40 (130.0 MPa), their tensile strengths are very
close to each other.

Additionally, the ratios between the 28-day tensile strength and compressive
strength are summarized in Table 4, which shows an interesting trend that the ratio
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Fig. 4 28-day tensile stress–strain curves: a C100; b C80LCC20; c C60LCC40; d C40LCC60;
e C20LCC80 and f summary of typical curves

Table 4 Summary of major tensile characteristics of different HTS-SHCC mixes in Table 1

Mix ID Fiber/matrix
frictional bond
(MPa)

Tensile strength
(MPa)

Ultimate
tensile strain
(%)

Tension
strength/compressive
strength (%)

C100 1.46 8.45 ± 0.49 6.29 ± 0.30 7.01

C80LCC20 1.67 11.47 ± 0.45 6.02 ± 0.46 8.61

C60LCC40 2.25 13.09 ± 0.39 6.34 ± 0.51 10.08

C40LCC60 2.18 12.78 ± 0.29 5.18 ± 0.26 12.85

C20LCC80 1.43 8.70 ± 0.44 5.00 ± 0.84 16.24
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Fig. 5 Typical crack patterns after tension tests: aC100;bC80LCC20; cC60LCC40;dC40LCC60
and e C20LCC80

increases with increasing LC2 dosages, from 7% for C100 to 16% for C20LCC80. In
other versions of PE fiber-reinforced SHCC without fiber surface treatments, high-
tensile strength is generally achieved by improving the compressive strength of the
materials to more than 100MPa or even 150MPa, by reducing the water/binder ratio
to an extremely low value of about 0.15 and/or incorporating a remarkable dosage of
fine particles (e.g., micro silica, nano silica). These approaches significantly increase
thematerial cost aswell as the environmental impact. The incorporation of LC2offers
a new, low cost and sustainable approach to achieve high-tensile strength in SHCC.

The typical residual crack patterns for the five mixes in Table 1 are graphically
shown in Fig. 5. Further analysis on the crack width development with increasing
tensile strain is in progress.

4 Conclusions

This paper explores the benefits of partially replacing the cement by limestone cal-
cined clay (LC2) in high-tensile strength strain-hardening cementitious composites
(HTS-SHCC),with theLC2/binder ratios of 0%, 20%, 40%, 60%and 80%byweight.
According to the results in this study, the following conclusions can be drawn:

(1) All the five mixes showed outstanding tensile strain-hardening and multiple-
cracking behaviors, with the ultimate tensile strain no less than 5%. Compared
to the control mix without LC2 (8.45 MPa), the tensile strength was improved
by about 36%, 55%, 51% and 3% for LC2/binder ratios of 20%, 40%, 60% and
80%, respectively. The strong porosity refinement effect of LC2 improves the
fiber/matrix frictional bond and the resulting tensile strength of SHCC.
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(2) High compressive strengths of 100–135 MPa were achieved in SHCC with
LC2/binder ratios no more than 60 wt%. The mix with an ultra-high LC2/binder
ratio of 80 wt% achieved 28-day compressive strength of about 55 MPa.

(3) Compared to other versions of PE fiber-reinforced SHCCwhere the high-tensile
strength is generally achieved by reducing the water/binder ratio to an extremely
low value and/or incorporating a remarkable dosage of fine particles, the incor-
poration of LC2 in the binder offers a new, low-cost and sustainable approach
to achieve high-tensile strength in SHCC.
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Basic Creep of LC3 Paste: Links Between
Properties and Microstructure

Julien Ston and Karen Scrivener

Abstract This study investigates the creep properties of limestone calcined clay
cement. A series of paste samples using limestone and calcined clays as replacement
materials were tested under basic compressive creep. The ternary mixes showed
lower creep compliance than the plain cement references, even when using low
reactivity clays or lower replacement fraction. A finite element model was used
to back-calculate the visco-elastic properties of the C-S-H matrix and C-S-H gel.
Whereas the elastic properties of C-S-H were found to be similar between LC3 and
plain cement, the viscous behaviour of C-S-H gel appeared to be noticeably different
for LC3.

Keywords Calcined clay · Creep ·Modelling

1 Introduction

Traditional supplementary cementitious materials (SCM), such as blast furnace slag,
fly ash or silica fume, present many advantages in cement technology, such as
improved fresh and hardened properties or cost and energy reduction. However,
they come in limited quantities that cannot meet the actual demand for clinker sub-
stituents. Recent studies showed the potential of calcined kaolinitic clays as a reliable
source of pozzolanic metakaolin. In addition, such activated clays can replace up to
50% of the clinker in a binder when used together with limestone, while keeping
mechanical properties comparable or superior to most blended cements [1]. Such
binders are named limestone calcined clay cement, or LC3.

LC3 has proven to have mechanical properties close to that of plain cement, along
with good durability against chlorides [2]. However, the volume stability of such
mixes has not been extensively studied yet. This is the reasonwhy this research inves-
tigates the visco-elasticity of these ternary blends. In particular, this work focuses
on creep in sealed conditions. Creep without the exchange of water with the envi-
ronment and at constant temperature is called basic creep. Creep is believed to be
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a consequence of the viscous properties of the amorphous C-S-H present in cement
microstructure.

There is a very important interest in studying this property when aiming at engi-
neered structures. For instance, many important structures require low creep in order
to remain safe with minimum maintenance during their lifetime, such as bridges,
skyscrapers or containment buildings. Creep is an intrinsic characteristic of themate-
rials; moreover, mitigation of this phenomenon is difficult or expensive, and it occurs
anyway on top of other phenomena, such as drying. Therefore, investigating the
proper behaviour of LC3 is a necessary step for widespread application.

This research project investigates the basic compressive creep behaviour ofmature
cement paste of LC3 binders. The main variable is the calcined kaolinite content of
the clays used to prepare the blends. A finite elements model is also used to back-
calculate the viscous properties of theC-S-Hgel via a self-consistent homogenization
scheme.

1.1 The Effect of SCM on Creep

There have been a few investigations on the impact of metakaolin and limestone on
creep, but they yielded only some specific results. In a binary mix, metakaolin is a
very efficient, yet expensive pozzolan. Its influence on creep of cementitious binders
has only been slightly investigated. The work from Brooks and Johari [3] offers a
good review of the knowledge concerning metakaolin substitution in concrete.

In summary, a modest replacement of clinker with metakaolin (5–10%) increases
compressive strength at the expense ofworkability, if mix design remains unchanged.
Concerning delayed strains, the use of metakaolin was found to reduce both auto-
genous and drying shrinkage of concrete and lower compressive creep compliance.
This study did not give any precise mechanism leading to the change in visco-elastic
behaviour, but proposed a list of potential reasons, such as a refinement of the pore
structure [4] or better interface between cement and aggregates, both thanks to the
extra hydrates from the pozzolanic reaction and the filler effect of metakaolin.

From a chemical point of view, metakaolin is an important source of aluminium
ions. This supplementary aluminium will enrich C-S-H into C-A-S-H, while con-
suming portlandite. Aluminium-rich strätlingite(C2ASH8 in cement shorthand) will
also precipitate if metakaolin is the only replacement material.

Many studies reported a decrease in creep compliance when usingmetakaolin [3],
or other SCMs, such as slag, fly ashes or glass powder [5, 6]. SCM in general will
affect the chemical composition of C-S-H [7], but none of the cited works reported a
direct link between C-S-H composition and creep compliance, as the incorporation
of SCM has other very important effects on the microstructure that can affect creep.

According to a study carried out on mixtures of white cement and metakaolin [8],
incorporation of metakaolin in the mix increases both the average alumino-silicate
chain length and the Al/Si of C-S-H. Unfortunately, they did not comparemechanical
properties against the evolution of C-S-H morphology and composition.
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Limestone is mostly considered on its own as an inexpensive filler. It provides
extra surface for hydrate nucleation and even shows some reactivity with the alu-
minium present in the cement [7, 9, 10], Little knowledge is available on the effect
of limestone filler on the creep properties of concrete or cement. Wang et al. [11]
reported a decrease of the compressive creep compliance in drying conditions when
replacing cement with limestone in concrete. Unfortunately, they did not examine the
microstructure of the different samples, nor did run any basic creep tests. Belov and
Kuliaev [12] attributed the decrease in creep compliance to a denser microstructure
in their short communication about concrete using limestone powder replacement.

Finally, He et al. [6] reported a lower basic creep compliance in concrete using
metakaolin and limestone as replacement materials (a mix design equivalent to
LC3-70 1:2 (95%) in the present study, containing 70% clinker, 10% metakaolin
and 20% limestone. See next section for more details).

2 Experimental Method

2.1 Materials and Mix Designs

This study focuses on a two LC3 mix designs, using calcined clays of various origin
and chemical purity. Thegradeof a kaolinitic clay is definedby its content in kaolinite,
which will turn into metakaolin after full calcination. The mix designs were either
LC3-50 or LC3-65, meaning 50% or 65% by mass of clinker (ignoring gypsum from
cement). The replaced fraction consisted of 60% calcined clay, 30% limestone and
10% gypsum (including gypsum from cement and extra addition) for the 2:1 variant,
or 46% calcined clay, 46% limestone and 8% gypsum for the 1:1 variant. As an
example, the LC3-50 2:1 (45%) mix contains in total 50% clinker, 30% calcined clay
(itself containing 45% of calcined kaolinite), 15% limestone and 5% gypsum. All
mixes were prepared at a water to binder ratio of 0.4 and are summarized on Table 1.

2.2 Sample Preparation and Creep Frames

After weighing, powders and water were mixed in a vacuum mixer for 2 min at
450 rpm. Paste was then cast into eight 25× 25× 80 mmmoulds. The samples were
cured for 24 h in a moist environment. Right after demoulding, the paste prisms were
wrapped in a polyethylene film and two layers of adhesive aluminium sheet, to ensure
autogenous conditions. The top and bottom square faces were covered only with a
single layer of aluminium, in order to have as little material as possible between the
sample and the loading plates.

The samples were then left to cure at 20 °C, until they reached their loading age,
28 days in this study. Sealed prisms were weighed right after wrapping, at the end of
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Table 1 Summary of the mix designs. All mixes cast at a W/B of 0.4

Sample Clinker (%) Calcined clay
(%)

Limestone
(%)

Gypsum (%) Metakaolin
content in
clay (%)

PC 97 – – 3 –

LC3 (15%) 50 30 15 5 15

LC3 (25%) 50 30 15 5 25

LC3 (45%) 50 30 15 5 45

LC3 1:1
(45%)

50 30 15 5 45

LC3 (50%) 50 30 15 5 50

LC3 (60%) 50 30 15 5 60

LC3 (95%) 50 30 15 5 95

LC3-65 2:1
(45%)

70 19 10 <2 45

LC3-65
1:1 (45%)

70 14 14 <2 45

the cure and after the creep test. The weight loss was always very low, between 0 and
0.2%. Between 6 and 24 h before the beginning of creep loading, two prisms were
unwrapped and each cut down to three cubes of 25 mm and tested for compressive
strength. The creep test load was then adjusted so that the stress on the sample
corresponded to 10–15% of its strength at loading age, with a maximum of 50 kg
(without considering the 10-fold amplification from the lever arm). The environment
was kept at 20 °C and 70% RH in the testing rooms. The compressive creep tests
lasted for 28 days. This duration is sufficient to reach a logarithmic regime on paste
samples [13, 14].

2.3 Autogenous Shrinkage Measurement

Autogenous shrinkage measurements were carried out according to ASTM C1698-
09 [15], using a silicon oil bath for controlling temperature and submersible linear
variable differential transformers (LVDT) for continuous monitoring. A volume of
about 700 mLwas then prepared using a vacuummixer at a mixing speed of 450 rpm
for 2 min. The mix was then carefully poured into a tube held in a vertical position
with a steel tube or a specifically designed plastic holder. The operation is carried
out on a vibrating table to ensure proper flow of the paste. The tube is then sealed
with a pristine plug, weighted and placed on the bench in the silicone oil bath. One
end of the tube is fixed to the bench, and submersible LVDT is placed at the free end.
Automatic logging is achieved thanks to an autonomous logger. Most measurements
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started between 30 and 60min after mixing. All mixes were replicated twice or thrice
and showed little deviation within a given mix.

2.4 Creep Modelling

A two-dimensional finite element (FE) model using the framework Xfem-Amie
was adopted for this study. It consists of a 100 by 100 µm 2D mesh describing
a square section of composite material undergoing uniaxial load. Round inclusions
representing crystalline anhydrous or hydrated phases are embedded in a visco-elastic
matrix of C-S-H. The inclusions only possess elastic properties and are defined by
their Young’s modulus, Poisson’s ratio, abundance and particle size distribution.
Phases were regrouped by similar mechanical properties, summing their amount. In
total, five elastic phases were used to represent the different families of minerals
present in cement or LC3 mixes. Their mechanical properties are summarized in
Table 2. The inclusions were randomly spread in the domain (without overlap) and
their diameters varied from 15 nm to 2 µm, according to a normal distribution. All
the phase amounts come from a volume balance calculation, from XRD-Rietveld
and SEM-EDS data. The amount of matrix corresponds to the space not occupied by
the crystalline inclusions, that is to say C-S-H gel, capillary water and air voids from
chemical shrinkage, all obtained from the mass (or volume) balance calculation.

The first run of the simulation only considers elasticity and is used to adjust the
Young’s modulus of the C-S-H matrix so that the model output is similar to the mea-
sured Young’s modulus of the material. The second run models the visco-elasticity
of the matrix, calculating the strain over 28 days. The visco-elastic behaviour of the
matrix is modelled with a Kelvin-Voigt chain composed of six elements, fitted to
the macroscopic behaviour of the material. A coefficient of proportionality is then
applied to the stiffness of the springs to minimize the difference between the output
of the FEmodel and the experimental data. Plasticity and cracking are not considered
in this model.

After adjusting the visco-elastic properties of the matrix, an analytical, porome-
chanical approach was used to calculate the expected properties of the C-S-H gel,
considered as the solid part of the porous visco-elastic matrix. The relation between

Table 2 Mechanical properties of the elastic phases used in the finite element model

Phases Young’s modulus (GPa) Poisson’s ratio

C3S, C2S, C3A, C4AF 130 0.3

CH, monocarboaluminate 38 0.305

Ettringite, metakaolin, other clayey phases 22.4 0.255

Monosulfoaluminate, hemicarboaluminate,
hydrotalcite, hydrogarnet

42.3 0.324

Quartz, limestone 80 0.25
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porosity, properties of the porous material and properties of the bulk material comes
from the work of Roberts and Garboczi [16]. The two-cut Gaussian random field
was used here to interpret the results, as it approaches best the geometry of cement
pores—especially compared to simpler models such as growing spheres of solid.
This approach is solely used to back-calculate the strain of the C-S-H gel. Thermo-
dynamic effects are not explicitly modelled, although their contribution is contained
in the experimental data and is also implicitly included in the Kelvin-Voigt chain.

3 Results

3.1 Experimental Data

This section presents the experimental results of basic creep compliance over loading
time for the samples being studied. Creep compliance is defined as the creep strain
divided by the applied stress. Creep strain is obtained by subtracting the autogenous
shrinkage to the total creep strain measured from the creep set-up.

Figure 1 shows the evolution of compressive creep compliance formature LC3-50
2:1 samples, using various calcined clays as replacement material. All the ternary
blends exhibit a lower compliance than the plain cement reference. One of the most
striking features is the apparent independence of the grade of the clay on the resulting
compliance of the mix. For a clay grade from 45–95%, the effect on compliance is
quite similar. This could indicate that a threshold value exists for the initialmetakaolin
content to have a significant effect on the creep compliance. These results indicate

Fig. 1 Creep compliance over loading time for paste samples with varying clay grade
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Fig. 2 Creep compliance over loading time for paste samples with varying mix design

that even clay with only 25% of calcined kaolinite causes a reduction in basic creep
compliance of mature paste.

Figure 2 presents the results for the LC3-50 and LC3-65 series with the same
calcined clay but different calcined clay to limestone ratios. For the LC3-50, the
change in calcined clay to limestone ratio did not affect compliance significantly.
This is in line with the previous observations, as changing this ratio is equivalent to
using a lower grade clay. The metakaolin content of this mixture is still sufficient to
affect compliance. This is not the case in LC3-65, where further blending of the clay
limits the compliance reduction, but still being lower than the plain cement.

3.2 Modelling Results

Results from the finite element model reached a good agreement with the experi-
mental data for all simulated systems. A summary of the Young moduli of C-S-H
matrix and gel obtained after the poromechanical interpretation of the modelling
outputs is presented in Table 3. A noticeable result from the elasticity modelling
is the narrow range of stiffness found for the C-S-H gel. The Young’s modulus of
C-S-H gel back-calculated using the analytical approach is estimated to be in the
range of 20–25 GPa for most mixes. This corresponds to the published values for
the Young’s modulus of C-S-H, ranging from about 20 GPa for the so-called low
density C-S-H to 30 GPa for “high density C-S-H” [17–19]. In spite of the fact that
the stiffness of the C-S-H matrix can double between the softest and the hardest one,
the varying solid fraction of this porous matrix and the adopted model suggest that
the solid forming said matrix has similar mechanical properties in all situations.
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Table 3 Young’s modulus of
C-S-H back-calculated from
the FE model (matrix) and the
poromechanical approach
(gel)

Sample C-S-H matrix (GPa) C-S-H gel (GPa)

PC 11.6 23.0

LC3 (15%) 6.9 26.7

LC3 (25%) 8.9 26.6

LC3 (45%) 10.3 23.9

LC3 1:1 (45%) 9.1 21.9

LC3 (50%) 8.3 21.1

LC3 (60%) 8.8 21.4

LC3 (95%) 8.9 23.5

LC3-65 2:1 (45%) 9.6 20.2

LC3-65 1:1 (45%) 9.5 22.5

Modelling of the visco-elastic behaviour of C-S-H gel is carried out using the
same analytical tools as for elasticity. It was supposed that the visco-elastic response
was affected in the sameway as the elastic one. Compliance of the different simulated
microstructures is shown in Fig. 3.

A remarkable result from these simulations is the prediction of a different C-S-H
compliance between plain cement samples and LC3, combinedwith a very consistent
predictionwithin the plain cement or theLC3groups of samples.Notably, the samples
of LC3-50 15 and 25%—previously showing higher creep strains at the macroscopic
level than the other LC3-50 mixes—can be modelled using a C-S-H gel with similar
visco-elastic properties as the other LC3. It appears that the changes in abundance
and porosity of the matrix are enough to explain most of the visco-elastic variations
among samples. The model also indicates that the C-S-H gel present in plain cement
could be less viscous than that of LC3. As the simulation is not carried out at the
nanometric scale, the difference in viscous behaviour cannot be attributed to specific
mechanisms without further investigation.

Fig. 3 C-S-H gel compliance calculated from the poromechanical approach
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4 Conclusions

This study explored the compressive creep behaviour of mature, sealed cured LC3
and plain cement paste samples. A first qualitative assessment of the data indicated a
lower compliance for the ternary blends. The extent of this reduction is not dependent
on the calcined kaolinite content of the clay if it is above about 40%, and a noticeable
compliance reduction in mature samples was observed with a clay containing only
25% of metakaolin. This is a clue indicating that all the clayey phases, including
inert phases or unreacted metakaolin, and the carboaluminates typical of LC3 can be
considered as elastic phases, as their proportions varied but the viscous response was
similar among the samples. Specifically, their volume amount can double between
the lowest or highest grade clays and the middle grade clays, which give rise to the
highest amount of carboaluminates in the microstructure [20].

To push the investigation deeper, a 2D finite elements model was used to simulate
creep via a two-scalemodel. The larger scale considered the C-S-Hmatrix containing
solid inclusions of anhydrous and hydrated phases as a continuous medium. The
visco-elastic properties of the matrix were adjusted so that the simulation results fell
close to the experimental data. The second scale used an analytical, poromechanical
approach to take the porosity of the matrix into account and estimate the mechanical
properties of the C-S-H gel alone.

The output of the simulations pointed towards a less compliant C-S-H in the
LC3, with a similar viscous behaviour among all the samples containing limestone
and calcined clay, regardless of the clay grade. The model also indicated that the
differences observed at the macroscopical level could be explained by a different
amount of C-S-H in the structure and a different amount of porosity.

As the model considers C-S-H gel as a whole, modelling its visco-elasticity
through a generic rheological model, it cannot explain the exact mechanisms at
the origin of the decrease of compliance. However, from our current knowledge of
the specific LC3microstructure, some hypothesis regarding the causes of this change
in compliance can be proposed or ruled out:

• The proportion of outer to inner C-S-H product seems higher in LC3 than PC
[21], indicating that the C-S-H gel is likely to be more intermixed with dispersed
filler particles and hydrates present in LC3. Specifically, thin clay platelets could
physically limit the viscous flow of the material. This effect was observed in
polymers reinforced with graphene [22], although creepmechanisms are different.
The mere filler effect of limestone and clay could also provide more interfacial
surface between the variety of hydrates formed in LC3 and a finer phase mixing.
In their recent study, Wyrzykowski et al. [23] observed a very different creep
behaviour between their real and equivalent systems. One of the microstructural
disparities between these mixes is the proportion of outer and inner product.

• The addition of limestone and calcined clay will affect the chemical composition
of C-S-H. In particular, the more metakaolin present in the clay , the more C-S-H
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will incorporate aluminium. However, the similar compliance found for C-S-H
gel formed in LC3 does not point towards a strong influence of the chemistry on
creep properties.
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Study on Fresh and Harden Properties
of Limestone Calcined Clay Cement
(LC3) Production by Marble Stone
Powder

S. M. Gunjal and B. Kondraivendhan

Abstract In this paper, the utilization of waste marble powder for the production
of limestone calcined clay cement is investigated. Limestone calcined clay cement
is an advanced ternary blended cement made by using the combination of low grade
calcined clay, limestone and gypsum. It can be replaced by 50% of clinker which
is beneficial for the reduction of carbon dioxide (CO2) emission at the time of pro-
duction of cement. In the existing paper, the physical and chemical characteristics,
chemical analyses carried out by X-ray fluorescence, lime reactivity test for poz-
zolanic behaviours, mechanical properties of LC3 using marble powder, i.e. com-
pressive strength and spilt tensile strength are checked and compared to the Portland
pozzolana cement (PPC) and ordinary Portland cement (OPC).

Keywords Marble powder · Calcined clays · Limestone · Blended cement ·
Compressive strength

1 Introduction

Day by day the demand of concrete is increasing due to industrialization, globaliza-
tion and infrastructure development. Developing countries require a large quantity
of concrete. Concrete is the heterogeneous mixture of cement, coarse aggregate, fine
aggregate and water. For the production of 1 ton of cement, it emits nearly 1 ton of
carbon dioxide (CO2) into the atmosphere [1]. As compared to the world, India is
the second-highest cement producer, in which near about 280 million tons of cement
is produced in India [2]. Annually from cement production nearly about 1.35 billion
tons of greenhouse gas releases, which is represented in the 2013 World Business
Council for Sustainable Development Energy Agency (WBCSDEA) [3]. So for min-
imizing the demand of ordinary Portland cement, a new ternary blended cement is
produced [4] called limestone calcined clay cement (LC3). It contains 50% ordinary
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Portland cement (OPC), 30% calcined clay, 15% limestone powder and 5% gypsum.
Similarly, marble stone calcined clay cement (MC3) is produced and checked the
physical and chemical properties of these cement.

Cement substitution by a combination of metakaolin and limestone [5] in this
research is 30% of metakaolin and 15% of limestone in Portland cement give better
result as compare to other mixture. Higher kaolin clay content gives good strength
than ordinary Portland cement (OPC) in concretemortars. Similarly, the compressive
strength of higher kaolin clay nearly equal to ordinary Portland cement and lower
kaolin content nearly equal to Portland pozzolana cement (PPC) [6]. Production of
limestone calcined clay cement (LC3) is economical as compare to Portland poz-
zolana cement where the source of fly ash is located at a farther distance than clay
also the quantity of fly ash is low and cost of fly ash is high [7]. The higher fineness
of both clinker and calcined clay can considerably improve compressive strength at
all ages, while limestone fineness only plays a role at an early age [8].

Concretes produced with limestone calcined clay cement shows equivalent
strength development characteristics with Portland pozzolana cement and enhances
strength development than 70% ordinary Portland cement+ 30%fly ash called FA30
in all the concrete mixes [9]. When ordinary Portland cement is replaced by 2.5,
5.0, 7.5 and 10% with waste marble dust tensile and compressive strength decrease
because of marble dust act as only filler material [10]. But workability increases
when marble powder used in concrete [11].

In India, the annual production of marble is nearly 17 million tonnes [12] and
formed by the metamorphic rocks. Millions of tonnes of waste dust are generated
during the process of stones which hazards for health, environmental problem and
productivity of the land.The aimof this studywas to investigatewhethermarblewaste
powder utilizes as a replacement for limestone to produce marble stone calcined clay
cement.

2 Materials and Methods

A 43 grade of ordinary Portland cement (OPC) conforming to BIS 8112-2013 [13]
was used for this study. Chemical composition of the material used for the prepara-
tion of limestone calcined clay and marble stone calcined clay cement using X-ray
fluorescence was shown in Table 1. The material used for the preparation of cement
is calcined clay over that lime reactivity test is carried out as per IS 1727-1967 and
shows that it is 9.11 MPa which is good in agreement. The X-ray diffraction (XRD)
of materials limestone powder, marble powder and calcined clay shown in Figs. 1, 2
and 3, respectively.

The details of blends used such as limestone calcined clay cement (LC3) in that
OPC-50%, calcined clay-30%, lime powder-15%, gypsum-5% for marble stone cal-
cined clay cement (MC3) in that OPC-50%, calcined clay-30%,marble powder-15%,
gypsum-5% is used for preparation of cement shown in Table 2.
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Table 1 Chemical composition of raw materials

Oxide (%) OPC Calcined clay Marble powder Limestone powder

SiO2 22.07 53.75 5.366 5.073

Al2O3 3.6 44.32 0.8546 0.6834

K2O 0.7 0.0455 0.0012 0.0012

CaO 63.25 0.4838 33.17 32.45

TiO2 0.007 1.707 0.0184 0.0179

Na2O 0.3 0.447 0.014 0.014

MgO 1.08 0.19 20.06 19.39

P2O5 0.008 0.0784 0.00069 0.00069

MnO – 0.0049 0.02587 0.0263

Fe2O3 4.69 0.4156 0.2043 0.1946

LOI 1.14 0.3 40.66 39.45

Fig. 1 XRD Pattern for
limestone powder
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2.1 Test on Cement

Laboratory prepared cement such as limestone calcined clay, marble stone calcined
clay cement and ordinary Portland cement over that standard consistency in percent-
age, initial setting time (min), final setting time (min) and soundness (mm) test is
carried out as per IS 4031-1988 [14] shown in Table 3. Similarly, the compressive
strength of cement for 3 days, 7 days, 28 days and 56 days carried out on compressive
testing machine shown in Table 4 and prepared mortar cube of OPC, LC3 and MC3

as shown in Fig. 4.
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Fig. 3 XRD pattern for calcined clay

2.2 Test on Concrete

M25 grade of concrete is prepared using IS 10262-2009 [15] such that water to
cement ratio is taken as 0.5, cement content 380 kg/m3, the fine aggregate confirm-
ing zone-I which has fineness modulus 3.11 and ratio of coarse aggregate such as
12.5 mm:20 mm taken as 0.3:0.7, respectively. The mix proportion and workability
by slump shown in Table 5. Compressive strength of different mix at 3 days, 7 days,
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Fig. 4 Mortar cube of OPC, LC3 and MC3

Fig. 5 Concrete cube and cylinder of OPC, LC3 and MC3

28 days and 56 days and spilt tensile strength at 28 days has shown in Tables 6 and
7, respectively. Prepared cube of different blend mix for M25 grade of concrete as
shown in Fig. 5. Similarly compressive and spilt tensile strength for M25 grade of
concrete as shown in Figs. 6 and 7.

3 Result and Discussions

The physical characteristics such as standard consistency of limestone calcined clay
cement and marble stone calcined clay cement are more than ordinary Portland
cement because of calcined clay is present in this cement [16], and similarly initial
setting time, final setting time and soundness satisfies the requirements given by
Indian standard. The compressive strength of limestone calcined clay cement and
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Fig. 6 Compressive strength of M25 grade of concrete

Fig. 7 Spilt tensile strength of M25 grade of concrete

Table 2 Details of blends used in this study

Blend name OPC (%) PPC Calcined clay
(%)

Limestone
powder

Marble waste
powder

Gypsum

LC3 50 – 30 15% – 5%

MC3 50 – 30 – 15% 5%

OPC 100 – – – – –

PPC – 100% – – – –
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Table 3 Physical properties of limestone calcined clay cement;marble stone calcined clay, ordinary
Portland cement

Description LC3 MC3 OPC

Standard consistency (%) 33 33.67 29.5

Initial setting time (min) 90 96 100

Final setting time (min) 240 255 270

Soundness (mm) 2 2.1 2

Specific gravity (g/cc) 2.85 2.95 3.15

Table 4 Mortar compressive strength of OPC, PPC, LC3 and MC3 blends

S. No. Mix Compressive strength (N/mm2)

3 days 7 days 28 days 56 days

1 OPC 15 34 49 50.5

2 PPC 10 25 35.5 38

3 LC3 12 28 36 40

4 MC3 13 29.6 39 42

Table 5 Mix design of M25 grade of concrete

S. No. Concrete
grade

W/C Cement
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

Slump
(mm)

12.5 mm 20 mm

1 M25 0.5 380 738.72 334.85 781.36 90

Table 6 Compressive strength of different mix of concrete

S. No. Mix W/C Compressive strength (N/mm2)

3 days 7 days 28 days 56 days

1 OPC-M25 0.5 11 24 35 38

2 PPC-M25 0.5 8.6 18.5 28.3 31

3 LC3-M25 0.5 10 20.5 30.2 33

4 MC3-M25 0.5 10.2 21.3 30.6 34

Table 7 Spilt tensile strength of different mix concrete

S. No. Mix W/C Spilt tensile strength for 28 days (N/mm2)

1 OPC-M25 0.5 3.6

2 PPC-M25 0.5 3.1

3 LC3-M25 0.5 3.3

4 MC3-M25 0.5 3.34
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marble stone calcined clay cement satisfies the Indian standard for Portlandpozzolana
cement. The compressive strength of ordinary Portland cement is more than LC3 and
MC3 because of the amount of clinker in OPC (100%) greater than LC3 and MC3.
The reactivity of the calcined clay is dependent on the kaolinite content present in
the clay. Clays containing about 40% kaolin or above give strengths comparable to
plain Portland cement when used in LC3-50 (50% clinker, 30% calcined clay, 15%
limestone and 5% gypsum) [17]. With more substitution, it is possible to obtain
good mechanical performance, at early ages, at higher levels of substitution than
other pozzolana. Because the clay is finely divided, it can react faster and to a higher
degree than fly ash. Similar, levels of substitution are possible with slag, which is a
hydraulic material rather than a pozzolana.

When calcined clay AS2 + 3CH+ 6H→C-A-S-H+C2ASH8 is added in clinker
calcium aluminium silicate hydrate, (C-A-S-H) are formed and further addition of
limestone formation of carboaluminates which is an enhancement of carboaluminate
A(from calcined clay) + Cc + 3CH + H → C3ACcH11 [4] formation and contribute to
the strength. The addition of calcined clay and marble stone which content carbonate
source form carboaluminates enhanced ettringite contribute towards the strength.

The M25 concrete prepared by limestone calcined clay cement and marble stone
calcined clay cement compressive and spilt tensile strength is less than ordinary
Portland cement but more than Portland pozzolana cement satisfies by the Indian
standard for Portland pozzolana cement.

4 Conclusion

Based on experimental studies conducted on physical and mechanical properties
study on limestone calcined clay cement and marble stone calcined clay cement the
following conclusion can be drawn.

1. Cement prepared by limestone calcined clay cement and marble stone calcined
clay cement has comparable physical properties of the ordinary Portland cement.

2. The presence of carbonate stone dust studied leads to the stabilization of ettringite
and the formation of carboaluminates.

3. Mortar compressive strength prepared by LC3 and MC3 is more than Portland
pozzolana cement at all curing ages investigated in this study.

4. Compressive strength of M25 grade prepared by OPC is more than limestone
calcined clay cement; marble stone calcined clay cement and Portland pozzolana
cement. The similar mixture prepared by LC3 and MC3 has more compressive
strength than Portland pozzolana cement at all days.

Acknowledgement Authors are thankful to Sanjivani College of Engineering Kopargaon-423603,
Maharashtra, India, for providing technical facilities to complete the present research study.
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Performance and Durability of High
Volume Fly Ash Cementitious System
Incorporating Silica Nanoparticles

L. P. Singh, D. Ali and U. Sharma

Abstract This paper presents the beneficial role of silica nanoparticles (SNPs) in
high volume fly ash (HVFA) cementitious system. The dosages of fly ash (FA)
replaced with cement in the present study were 40% (40 FA) and 50% (50 FA).
The dosages of SNPs were first optimized in mortar, and the optimized dosages
were used in the concrete study. The fresh stage properties of mortar show that
delay in setting time in HVFA system can address using SNPs as the initial final
setting time gets shorten in the presence of SNPs. In addition to this, mechanical
strength improves significantly especially at an early age of hydration. Compressive
strength of the concrete containing 3% SNPs resulted in the speedy construction
because we can achieve maximum compressive strength in 7 days in spite of 28 days,
which is around four times faster. Long-term carbonation results revealed that SNPs
incorporated mixes show a reduction of carbonation depth up to 45% with respect
to control specimens containing 40 FA, while with 50 FA mix, the reduction was
~38%. Similarly, SNPs incorporated specimens show significant resistance towards
the sulphate attack of about 41% with 40 FA and 34% with 50 FA samples and as
compared to control specimens. Therefore, the incorporation of SNPs in concrete
leads to the improvement of its durability and service life.

Keywords Cement · Silica nanoparticles · Fly ash

1 Introduction

In the recent years, rapid urbanization in the construction sector led to an increased
demand for concrete, owing to its benefits like cost-effectiveness, mouldability, ease
of transportation and good engineering properties. As it utilizes cement as a sole
binder for its different constituents, its production usually contributes 5–7% of total
CO2 emission to the atmosphere which is a toxic Green House Gases (GHG) [1, 2].
Therefore, cement industries are focusing on techniques and substituents materials
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that will be led to the significant reduction in CO2 emissions. For the same, mis-
cellaneous solutions, i.e. eco-friendly green concrete with low carbon content will
be used as replacement (supplementary cementitious materials (SCM)) like fly ash,
without compromising the performance of cement concrete [3, 4]. Fly ash (FA) is a
by-product of the thermal power plant, and it may be an excellent replacement for
cement due to its similar mineral composition, abundant availability and compatibil-
ity. In the last decades, FA is enormously used as a limited replacement (15–35%) of
cement in mortar and concrete system [5, 6]. Although FA can be used as replace-
ment in cement-based materials, it led to several issues in early age properties, i.e.
setting time, strength gain, etc. [7]. Keeping in view the same, scientific community
is looking nanotechnological intervention as one of the best solutions for address-
ing these issues [8–10]. Various nanomaterials, i.e. silicon dioxide (SiO2), titanium
oxide (TiO2), aluminium oxide (Al2O3), calcium carbonate (CaCO3), zirconium
oxide (ZrO2), ferric oxide (Fe2O3), clay and carbon nanotube (CNTs) have been
explored [11, 12] for their application in cement-based materials in order to enhance
the early age strength and hydration of cement concrete.

Among all the materials, silica nanoparticles (SNPs) have received widespread
attention for achieving high performance and enhanced durability in the cement-
based materials [13, 14] due to its high specific surface area. SNPs react with port-
landite, leads to the formation of additional C–S–H due to their high pozzolanic
activity, which improves the microstructure and sustainability of cementitious mate-
rial. In addition to this, it also improves the interfacial transition zone in the concrete
system [15, 16]. Several researchers used SNPs for the improvement of early age
properties, i.e. setting time, strength, with the replacement ofHVFA. Zhang et al. [17]
studied the impact of SNPs inHVFA concrete and its incorporation results in reduced
initial and final setting times as compared to control by 90 and 100 min, respectively,
while in terms of compressive strength significant enhancement of ~30 and ~25% at
3 and 7 days, respectively, as compared to control was observed. Although a lot of
studies have been carried out to investigate the effect of different dosage of SNPs on
the engineering properties in HVFA cement concrete. However, an optimized effect
of SNPs and the durability of SNPs incorporated HVFA system are still a grey area
for research. In the present paper, the optimized dosage of laboratory synthesized
SNPs in HVFA mortar system was investigated first on the basis of rheology and
compressive strength. These optimized dosageswere used inHVFA concrete system,
and its effect on engineering properties and durability was monitored systematically.

2 Experimental Details

2.1 Materials and Methods

The ordinary Portland cement (OPC) 43-grade was used in the present study with
Blaine fineness 390m2/kg, approving to IS 8112:1989, and its chemical composition
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Table 1 Chemical
composition of cement, silica
nanoparticles and fly ash

Minerals (%) Cement Fly ash SNPs

CaO 63.38 1.61

SiO2 19.00 55.27 99.8

Al2O3 3.90 26.69

Fe2O3 4.36 8.14

K2O 1.41 1.76

Na2O 0.83 0.13

SO3 3.14 0.25

MgO 3.31 0.39

LOI 0.50 1.33

Density (g/cm3) 3.15 2.25 1.40

is shown in Table 1. Siliceous FA (Class F) was used with a specific gravity of 2.22
and the fineness of 410 m2/kg and is conforming to the specifications of ASTM
C618 and IS 3812 [18, 19]. The chemical composition is given in Table 1. Powdered
SNPs were prepared in the laboratory, using water glass (sodium silicate solution)
as a precursor through the sol-gel technique. The powdered SNPs are amorphous
in nature with particles size in the range of 30–70 nm and a specific surface area
of 116 m2/g as reported previously [20, 21]. As per IS 650 [22], the standard sand
having the specific gravity 2.60 and fineness modulus 2.77 for mortar was used for
the entire study, and polycarboxylate-based superplasticizer (Glenium 52) was used
for maintaining the workability of mortar samples.

The coarse aggregate used for the concrete mix has a maximum size of 12.5 mm,
fineness modulus of 7.49 and specific gravity of 2.63. The fine aggregate is the
natural river sand with fineness modulus of 2.72 and specific gravity of 2.64 [23].
Both the coarse and fine aggregates were found to be satisfying the specification of
IS 383:1970 [24], and the details are given in Table 2. The FA concrete mix (Table 3)
was prepared at a constant w/b (water/binder) ratio of 0.30 with varying dosages
of polycarboxylate-based superplasticizer for maintaining the desired workability
(targeting slump 25–50mm) of the FA concrete. The FA concrete casting was carried
out as per IS 10086: 1982 [25]. Casted samples were demoulded after 24 h and cured
in tap water at room temperature for 28 days as per IS 516:1959 [26].

2.2 Specimen Preparation for the Compressive Strength

For the optimization of SNPs’ dosage in HVFA cement mortar, mix containing 40%
and 50 FA with incorporation of 1, 2, 3, 3.5 and 4% SNPs dosages with respect to
cement was cast (50 × 50 × 50 mm) at constant water/cement ratio of 0.30 using
standard sand with cement/sand ratio of 1:3 as shown in Table 2. The compressive
strength studies of mortar samples were carried out at 3, 7 and 28 days of curing
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Table 2 Mortar mixes with
different dosages of SNPs

Binder SNPs (%) Notation w/b ratio

60% cement +
40% FA

0.0 Control 0.30

1.0 40 FA1SNPs –

2.0 40 FA2SNPs –

3.0 40 FA3SNPs –

3.5 40 FA3.5 SNPs –

4.0 40 FA4 SNPs –

50% cement +
50% FA

0.0 Control –

1.0 50 FA1SNPs –

2.0 50 FA2SNPs –

3.0 50 FA3SNPs –

3.5 50 FA3.5 SNPs –

4.0 50 FA4 SNPs –

Table 3 Mix proportion use for concrete casting

Mix Cement
(kg/m3)

SNPs
(kg/m3)

Fly ash
(kg/m3)

Fag
(kg/m3)

CAg
(kg/m3)

Water
(L/m3)

SP
(L)

40FA 282 – 188 676 1278 136.7 0.98

40FA3SNPs 282 8.46 188 676 1278 136.7 1.27

50FA 235 – 235 676 1278 136.7 0.70

50FA3SNPs 235 7.05 235 676 1278 136.7 0.94

as per ASTM C109 [27]. For concrete samples, the compressive strength test was
carried out on cubes having size of 100 × 100 × 100 mm and tested at 3, 7, 28, 56
and 90 days according to IS 456 [28].

2.3 Carbonation

The carbonation depth and carbonation rate were investigated as per RILEMCPC-18
[29], and the prism specimens of size 100× 100× 500mmwere cast and demoulded
after 24 h and cured in water. After 6 days of water curing, samples were dried at
20 °C and 65% relative humidity for 21 days in the environmental chamber. Then,
the specimens were placed in a carbonation chamber using 2.0% CO2 concentration,
at 20 °C and 65% relative humidity. After exposure of 28, 90 and 180 days, slices of
specimens (50 × 100 × 100 mm) were tested for the determination of carbonation
depth using phenolphthalein solution (1% phenolphthalein in 70% of ethanol v/v).
In exposed specimens, the non-carbonated region is shown by purple-red colour due
to high alkalinity; whereas, the carbonated region of the specimen is colourless.
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The carbonation depth ‘XCO2’ is determined by taking the average of depth of
colourless region [30].

The carbonation rate of exposed specimenswas determined by using the equation:

Carbonation rate (R) =
(
XCO2

τ

)2

(1)

where XCO2 is the carbonation depth in m, and τ is the time constant in [(s/kg
CO2/m3)0.5] [29].

2.4 Sulphate Attack

Sulphate attack in the prism specimens (100 × 100 × 500 mm) was investigated
as per ASTM C1012 [31]. After seven days of water curing, the prism specimens
were placed in the sulphate solution, containing 5% magnesium sulphate at room
temperature and at a pH range of 6.0–8.0 was maintained throughout the period
of exposure. For determining sulphate ion concentration, split slice (50 × 100 ×
100 mm) from the prism was used and tested at 28, 90 and 180 days of exposure.
Sulphate ion concentration was determined by the chemical analysis as per IS 4032
[32].

3 Results and Discussion

3.1 Setting Time of SNPs Incorporated HVFA Cement
Mortar

The initial and final setting time studies of SNPs incorporated HVFA cement mortars
were carried out using the Vicat’s apparatus. The result obtained reveals that as the
FA content increases in the cementitious system, the initial and final setting time
also increase (Fig. 1). The addition of 3% dosage of SNPs reduced both of initial and
final setting time by 50% and 36%, respectively. Further, 40 and 50% FA containing
with 3% SNPs reduced initial setting time by 54% and 58%, respectively, while final
setting time reduced by 28% only in all mixes. Hence, the incorporation of SNPs in
HVFA system results in the reduction of initial and final setting time. Thus, the delay
in the initial and final setting time in HVFA cementitious system can be addressed
by incorporating SNPs.
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Fig. 1 Effect of SNPs on setting time in HVFA mortar

3.2 The Effect of SNPs on Compressive Strength in HVFA
Cementitious System

The effect of varying the dosages of SNPs on 3, 7 and 28 days strength of HVFA
mortar specimens is shown in Fig. 2a, b. From the results obtained, it is observed that
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Fig. 2 Compressive strength results 40FA, a and 50 FA, b mixes with different dosages of SNPs
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Table 4 Compressive strength results of SNPs (3%) incorporated FA concrete specimens

Days Compressive strength (MPa)

40 FA 40 FA3SNPs 50 FA 50 FA3SNPs

3 20.8 24.9 18.8 24.3

7 26.4 33.7 22.6 32.4

28 38.6 47.4 32.5 41.7

56 45.9 55.2 41.6 48.9

90 50.1 57.3 46.5 52.3

the strength ofmortar samples containing SNPs increaseswith the increasing dosages
of SNPs up to 3%, and further increase in the dosages of SNPs (e.g. at 3.5 and 4%)
results in the decrement of the compressive strength. The reason behind strength
decrement beyond optimized dosages of SNPs is due to the formation of dense
compact microstructure around the hydrated, which may slow down the hydration
process [7, 10]. The compressive strength of concrete specimens containing 40 and
50% FAwith SNPs (3%) was determined up to 90 days, and the results are presented
in Table 4. Results show that SNPs contribute to higher strength at an early stage;
however, at later ages (56 and 90 days) strength enhancement exhibits more or less
similarity (Table 4).

3.3 Carbonation Rate

The variation in carbonation rate with respect to time is shown in Fig. 3a, b. The
reduction in the carbonation rate with respect to time was determined by using
RILEMCPC-18 [29]. Figure 3a results show the significant reduction in carbonation
rate between 90 and 180 days of exposure from the initial carbonation rate. This
reduction in carbonation rate attributes to deposition of the calcium carbonate at
exposed surface of concrete during the carbonation [30, 33]. 40FA3SNPs mix shows
that carbonation rate reduces at 90 days of exposure from their initial carbonation
rate and same results found from 50% FA containing SNPs mix (Fig. 3b).

3.4 Sulphate Attack

The SO4
2− ions accelerate the formation of gypsum crystals and ettringite in the

interfacial transition zone of the concrete system, which can be associated with
cracking, cohesion decrease and spalling.

The effect of SO4
2− ions on concretewas experimentally determinedbymeasuring

SO4
2− ions concentration after 28, 90 and 180 days of exposure in magnesium

sulphate solution by gravimetric analysis. The concrete mix containing 40 and 50%
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Fig. 3 Compressive strength of FA concrete specimens having 40 and 50% FA concrete, a 40 and
50% FA with 3% SNPs, b at 28, 56 and 90 days

FA with and without incorporation of 3% SNPs was exposed in magnesium sulphate
solution. Figure 4 reveals that with the incorporation of 3%SNPs in 40%FA concrete
(40FA3SNPs), ~38% reduction in SO4

2− ions concentration is observed as compared
to control (40FA) after 28 days of exposure. Figure 4 indicates that 50FA3SNPs
concretemix reduces SO4

2− ions concentration by~35% than those of control (50FA)
after 28 days of exposure.

4 Conclusions

The modification of the hydration products of cement-based material would be expe-
dient for the completion of the entire mechanical properties of FA concrete, and it
reduces the penetration of harmful substances, which enhanced the durability prop-
erties. In this study, several durability parameters were evaluated, and significant
observations are as follows:

1. The mix containing 40% and 50% FA with 3% of SNPs shows ~29% and 37%
reduction in initial setting time, while in terms of final setting time it shows
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Fig. 4 Sulphate ion concentration in FA concrete specimens having 3% SNPs with varying the
amount fly ash 40 and 50% at 28, 90 and 180 days

~23% and 22% reduction was observed, respectively, as compared to control
specimens.

2. SNP’ dosage more than 3%, i.e. 3.5 and 4%, results in the reduction of the
compressive strength of HVFA mortar showing the optimized dosages of SNPs.

3. SNPs incorporated specimens show the significant reduction in carbonation depth
as well as in SO4

2− attack in the FA concrete. This reduction indicates that in
the presence of SNPs formed hydration product enhanced the resistance against
aggressive ions and which helps to improve the durability of FA concrete during
the service environment.

4. The incorporation of SNPs in concrete leads to the improvement of its durabil-
ity and service life, in addition to this, the performance of SNPs incorporated
concrete is significantly improved as compared to control specimens.
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Monitoring Strength Development
of Cement Substituted by Limestone
Calcined Clay Using Different Piezo
Configurations

Tushar Bansal and Visalakshi Talakokula

Abstract Recently developed limestone calcined clay cement (LC3) with low
clinker factor is growing rapidly in the construction industry because of its several
benefits over ordinary Portland cement (OPC) and Portland pozzolana cement (PPC).
In this paper, monitoring strength development of cement substituted by (LC3) using
different piezo configurations was studied. The experimental study was carried out
on concrete cube specimens of OPC and LC3, in which different piezo configura-
tions such as embedded piezo sensor (EPS), surface-bonded piezo sensor (SBPS),
jacketed piezo sensor (JPS) and non-bonded piezo sensor (NBPS) are installed to the
specimen to acquire data in the form of conductance and susceptance signatures via
electro-mechanical impedance (EMI) technique. The sensitivity of the different piezo
configurations was calibrated with the compressive strength, based on the results, it
can be concluded that the compressive strength of OPC and LC3 is comparable to
each other. All the piezo configurations were effective in monitoring the compressive
strength; however, the embedded sensors, EPS and JPS, perform the best in LC3 and
OPC, respectively.

Keywords Limestone calcined clay cement (LC3) · Piezo sensor · Compressive
strength · Structural parameters

1 Introduction

In today’s world scenario, the demand for cement is continuously increasing day by
day due to the construction boom. According to the Indian Brand Equity Foundation
report 2018 [1], the production capacity of the cement is 502 tons per year, in which
India is the second largest producer in the world, but the production of cement is con-
sidered as an environmentally unfriendly because it emits the high amount of carbon
dioxide (CO2) in the atmosphere. For this purpose, many researchers used the sup-
plementary cementitious materials (SCMs) such as fly ash, rice husk ash, pond ash,
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agro-industrial and natural waste material and ground steel slag as a partial replace-
ment for cement for reducing the (CO2) emissions. The primary issue with SCMs is
that it does not fulfill the production demand because it is not abundantly available
in the world. To meet the demand for sustainable development and application of
cement, it is necessary to develop new SCMs that can meet the good mechanical
performance of concrete. In this regard, limestone calcined clay cement (LC3) has
been developed which is a latest technological development in the cement industry
to reduce the carbon dioxide emission and provide similar strength as compared to
the ordinary Portland cement (OPC). According to the preliminary analysis done
Bishnoi et al. [2] and Shiju et al. [3], it is found that the LC3 is economical than OPC
and PPC and more suitable where there is a shortage of locally available fly ash (FA).
It reduces the clinker factor by 0.5, CO2 emissions by 0.5 kg per m2 of floor area [4],
production cost 15–25% and greenhouse gas emissions up to 20–23% as compared
to the conventional solutions. The mechanical properties, shrinkage and durability
performance of different blended concrete such as OPC, FA-blended cement (FA30)
and LC3 were studied by Dhandapani et al.[5] and concluded that LC3 has either
comparable/better properties. All the above studies were based on destructive eval-
uation; hence, the authors felt the need for studying the mechanical properties of the
newly developed LC3 concrete non-destructively using piezo sensors.

Piezo sensors are the smart materials used for monitoring the structural health
based on its unique property of sensing and actuating. Soh and Bhalla [6] presented
new impedance-based monitoring using piezo sensors for non-destructive evaluation
(NDE) of concrete strength prediction and damage assessment and found that equiv-
alent structural parameters identified by piezo sensors were effective in monitoring
the strength development and diagnosing the damage progression. Providakis et al.
[7] introduced the cost-effective, reusable and non-destructive wireless monitoring
device system to monitor the early age strength of the concrete using electromechan-
ical impedance (EMI) technique via piezo sensors and found that EMI signatures
gradually shift to the right with the increase in strength. Talakokula et al. [8] moni-
tored the early age hydration of concrete and derived a non-dimensional parameter
based on equivalent stiffness identified by a piezo sensor via EMI technique. Based
on their results, they found that the piezo-based non-dimensional hydration param-
eter was effective in monitoring the early age hydration of concrete. All the above
studies monitored the strength of conventional concrete using surface-bonded piezo
sensors (SBPS); the present study is focused on using different piezo configurations
for monitoring the strength development in LC3 concrete system.

2 Monitoring the Strength Development of LC3 Using
Different Piezo Configurations

Four different piezo configurations such as embedded piezo sensor (EPS), SBPS,
jacketed piezo sensor (JPS) and non-bonded piezo sensor (NBPS) are used tomonitor
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Fig. 1 Schematic diagram of specimen with different piezo configurations

the compressive strength. EPS is the one in which the sensor is sandwiched between
the mortar layers (see Fig. 1), JPS is the sensor which is jacketed by epoxy coating,
SBPS is the surface bonded on the top surface on the specimen, and NBPS is the
sensor which is bonded on the thin aluminum foil and in turn non-directly bonded to
the top surface of the specimen in a reusable form [9]. All the piezo configurations are
based on the effective impedance model developed Bhalla and Soh [10] using EMI
technique in which both the direct and the converse effects of the piezo sensors
are utilized. The sensors are first excited using an impedance analyzer such as LCR
meter, and its interactionswith the host structures are acquired in the formof electrical
admittance signature containing the conductance (the real part) and the susceptance
(the imaginary part). Any changes such as mass, damping and stiffness of the host
structure are reflected in the admittance signature in the form of shifting/occurrence
of new peaks.

2.1 Experimental Program

In this study, total fifty-eight concrete cube specimens were cast with OPC and
LC3-50 (using clinker replacement level of 50%) cement in which twenty-seven
specimens of each OPC and LC3-50 are utilized to check the compressive strength
destructively and the remaining specimens of OPC and LC3-50 are installed with
different piezo configurations as shown in Fig. 1 to monitor the compressive strength
non-destructively. The admittance signatures were acquired from all the piezo
configurations during the curing process.
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3 Results and Discussion

The variation of conductance signature with strength derived from destructive testing
for LC3-50 specimens installedwith different piezo configurations is shown in Fig. 2;
it is observed that the resonance peaks and magnitude of the conductance signature
increase as the strength increases. It is due to the changes inside the concrete such as
gain in stiffness which can be detected by all the sensors well. Out of all the sensors,
EPS shows appreciable changes because the sensor is embedded inside the concrete
and can effectively sense the changes occurring during the hydration process. Figure 3
shows the variation of compressive strength with curing time; it is observed that the
strength increases as the curing time increases; it is due to gain in stiffness. The
magnitude of the conductance spectra at first resonance peak with curing time in
different piezo configurations in LC3-50 is shown in Fig. 4; it can be seen that the
magnitude of EPS with respect to curing time is higher as compared to the other
piezo configurations, but in case of JPS, it shows lower magnitude which needs to be
further studied because JPS is the sensor which is jacketed by epoxy coating, so its
sensing capability should be more as compared to EPSwhich is sandwiched between
the mortar layers due to which the EPS peaks and magnitude were damped out.

In the case of OPC specimens, the variation of conductance signature with respect
to strength in different piezo configurations is shown in Fig. 5; it is observed that

Fig. 2 Variation of conductance signature with strength for LC3-50 specimens with different piezo
configurations: a EPS, b SBPS, c NBPS and d JPS
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Fig. 3 Variation of compressive strength with curing time of LC3
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Fig. 4 Magnitude of the conductance spectra at first resonance peakwith curing time in the different
piezo configurations in LC3

EPS and JPS show appreciable changes, SBPS shows lesser changes because it is
bonded on the top surface of the specimen, and NBPS shows not much appreciable
changes because it is non-directly bonded to the structure. The same increase in
compressive strength with curing time is seen from OPC specimens as shown in
Fig. 6. But on comparing the compressive strength of OPC and LC3-50, it is found
that in an equivalent grade category, it is comparable to each other. From Fig. 7, it
is observed that the magnitude conductance spectra at first resonance peak of JPS
show higher as compared to other different piezo configurations because the sensor
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Fig. 5 Variation of conductance signature with strength for OPC specimens with different piezo
configurations: a EPS, b SBPS, c NBPS and d JPS

Fig. 6 Variation of
compressive strength with
curing time of OPC
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is jacketed inside the epoxy layer and can effectively sense the changes occurring
during the hydration process.

4 Conclusions

In this study, different piezo configurations such as EPS, JPS, NBPS and SBPS were
used to monitor the strength development of LC3. All piezo configurations proved
to be suitable for monitoring the compressive strength. It was observed that the
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embedded sensors EPS and JPS perform the best in LC3-50 and OPC, respectively,
because it is embedded inside the concrete, but the behavior of the JPS in LC3-50
needs to be further study. NBPS shows lesser appreciable changes because it is
non-directly bonded to the structure, but it is used when there will be a problem of
embedded or surface-bonded sensor. SBPS shows better results than NBPS because
it the bonded on the top surface of the concrete specimens, so it can sense the changes
occurring inside the concrete, and it is usedwhen therewill be a problemof embedded
sensor. The destructive study was carried out to understand the compressive strength
of LC3-50 and OPC.
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Bond Behavior Between Limestone
Calcined Clay Cement (LC3) Concrete
and Steel Rebar

Zhenyu Huang, Youshuo Huang, Lili Sui, Ningxu Han, Feng Xing
and Tongbo Sui

Abstract To investigate the mechanical properties of the localized LC3 concrete
and interfacial bond behavior between LC3 concrete and steel rebar, different design
mixtures of LC3 concrete and normal concrete were prepared. The compressive
strength in different curing ages was evaluated experimentally compared with that
of normal concrete with the same W/B ratio. The interfacial bond strength was
evaluated by pullout test on the steel rebar from the concrete block. The test results
show that rebar–LC3 concrete has comparable good bond strength and has higher
secant stiffness in bond-slip curve than that of rebar–normal concrete.

Keywords Limestone calcined clay cement ·Metakaolin · Bond behavior ·
Compressive strength

1 Introduction

Calcined clays combinedwith limestone (LC3 blends) can be used to achieve blended
cements with good performance at much lower levels of clinker. Such blends can
make a significant contribution to the reduction of CO2 emission associated with
cement production. Calcined clay as a pozzolanic material has been successfully
used in concrete production. The use of clays with modest kaolinite content is very
promising for a massive use in cement due to their good performance and low cost
[1]. The previous studies show that LC3 exhibits good strength behavior and dense
microstructure compared to normal cements [2]. The concrete and steel reinforce-
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ment are widely used materials in civil construction. Their superior bond behavior
allows the reinforced concrete to resist the outer loading by using their compos-
ite action. Therefore, it is quite interesting to understand the fundamental behavior
of such new material and interaction with reinforcement. Therefore, the purpose
of this paper is to evaluate the bond behavior between the LC3 concrete and steel
rebar, which is the key issue to promote the application of LC3 concrete in structural
engineering.

2 Experimental Program

2.1 Materials

LC3 was produced in the laboratory by using ordinary Portland cement 42.5, lime-
stone, gypsum and calcined clay. The calcium clay used in this study was calcined
kaolin tailings provided by the Sinoma International Engineering Co. Ltd. Table 1
shows the chemical composition percentage of each raw material.

To prepare the LC3 concrete, the experimental program started from preparing the
cement paste, cementmortar and then concrete. Therefore, sixmixtures including the
OPC paste, LC3 paste, OPC mortar, LC3 mortar, normal concrete and LC3 concrete
were considered. Table 2 shows the mixture proportions for each paste, mortar and

Table 1 Chemical compositions of materials

Oxides OPC (%) Limestone (%) Calcined clay (%) Gypsum (%)

SiO2 17.00 0.30 52.70 6.76

Al2O3 3.58 0.10 36.90 1.29

K2O – – 3.49 –

Fe2O3 4.07 0.08 1.99 –

MgO 2.31 0.64 0.28 7.49

TiO2 0.25 – 0.18 0.09

SO3 3.64 – 0.12 16.60

CaO 62.92 81.13 0.04 53.24

Rb2O – – 0.03 –

SrO 0.04 0.02 – 0.23

MnO 0.14 – – 0.08

ZnO 0.13 – – 0.02

P2O5 0.12 – – –

CuO 0.03 – – –

ZrO2 0.02 – – –

Others 5.75 17.73 4.27 14.2
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concrete. The matrix had a water-to-binder ratio of 0.4. For mortar and concrete,
finely graded sand and coarse aggregates with maximum size of 20 mm were used.
A polycarboxylate-based superplasticizer (SP) with 30% solid content by mass was
used to improve the workability of mixtures, especially for LC3 mixtures. Before
casting, the slump flow value of all the pastes and mortar mixtures was measured
based on ASTM C1611 [3], while for concrete the slump measurement was based
on GB 50164-92 [4]. The concrete samples were divided into two groups. The first
group was demoulded after 24 h curing in a standard fog room with temperatures of
28–30 oC and a relative humidity (RH) of >98% for 28 days, while for the second
group they were cured at room temperature with the pullout test specimens until the
test day. Three 100 × 100 × 100 mm concrete cubes and three 50 × 50 ×50 mm
paste/mortar cubes were tested for each mixture according to GB/T 50081-2002 [5].

The steel rebar used was HRB 400 with the yield strength and ultimate strength
of 392 and 577 MPa, respectively, based on the coupon tests.

2.2 Specimen Preparation and Test Method

The pullout test specimens were prepared to investigate the bond behavior of steel
rebar embedded in the LC3 concrete and normal concrete block. The detailed geo-
metric information and material property of specimens are presented in Table 3. In
the test, a cube size of 150× 150× 150 mmwas selected for concrete block embed-
ded with HRB 400 rebar. The embedded length of rebar was 50mm. Figure 1a shows
the dimension of specimens, while Fig. 1b shows the test setup and instrumentations
for pullout test. The pullout test was performed in a 300 kN testing machine operated
in displacement-control mode. A specially designed steel frame was used to support
the concrete part in the test. Steel rebar was claimed in the top grip. In this case, the
load was applied from the top of the exposed steel rebar which was transferred to the
concrete via the shear stress distributed along the interface between the two parts so
that the rebar can deform along the path when the slippage occurred.

Table 3 Geometric information of pullout specimens

Specimen B × D × H (mm) d (mm) l (mm) Concrete type Compressive
strength (MPa)

PNC-1 150 16 50 Normal 59.0

PLC3-1 150 16 50 LC3 54.6

BxDxH= length, width and height of the concrete block; d = rebar diameter; l = embed length of
rebar. The compressive strength was obtained from the cubes cured with pullout specimens
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Fig. 1 Dimension of
specimen (a) and test setup
(b) for pullout test

3 Results and Discussion

3.1 Compressive Strength

Figures 2 and 3 show the compressive strength of all the mixtures for different
curing ages. For paste with W/B of 0.4, OPC paste had higher compressive strength
compared to that of LC3 paste for all curing age. For mortar with W/B of 0.4,
OPC mortar had higher early compressive strength, while the 7-day and 28-day
compressive strength of LC3 mortar both exceeded that of OPC mortar. However,
for concrete serieswithW/B of 0.4, the compressive strength ofOPC concrete always
was higher than that of LC3 concrete for different curing ages. Basically, the produced
LC3 concrete has comparable compressive strength to the normal concrete, which
had sufficient structural strength.

Fig. 2 Compressive strength
of cement paste and mortar
for different curing ages
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Fig. 3 Compressive strength
of concrete for different
curing ages
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3.2 Bond-Slip Behavior

Two pullout specimens were tested to totally debonding failure of rebar–concrete
interface. The slippage was approximately 8–13 mm when the test ended. Figure 4a
shows the failure modes of the specimens after pullout tests. Figure 4b depicts the
relation between the bond strength and slip. The maximum peak load for PLC3-
1 achieved 28.7 MPa, which was approximately 16.6% lower than that of PNC-1,
which was 34.4 MPa. It was corresponding to the concrete strength of PLC3-1 and
PNC-1. The strain in the rebar did not yield for these two specimens. It was found
that the main failure mode, namely ‘debond’, occurred in these two specimens. The
rebars were pulled out slowly from the concrete block. No cracks or microcrack
width of less than 0.1 mm were observed after the test. The secant stiffness of the
bond-slip curve of PLC3-1was higher than that of PNC-1. It may be due to the denser
microstructure of LC3 concrete than that of PNC-1 which has more macropores in
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Fig. 4 Failure mode and bond-slip curves of pullout test



Bond Behavior Between Limestone Calcined Clay Cement … 569

the concrete, showing that the rebar was easier to be pulled out from the concrete.
Therefore, specimens using LC3 concrete exhibited comparable good bond behavior
compared to that using normal concrete.

4 Conclusion and Further Outlook

This paper presents the production of LC3 concrete based on local OPC, limestone
and calcined clay materials and conducts experimental investigation on the bond-slip
behavior of steel rebar embedded in the concrete. The test program investigates the
failure modes and bond stress-slip curve behavior of the rebar–concrete interface.
The following conclusions are derived based on the investigations:

• This paper successfully produces the LC3 concrete with 28-day compressive
strength about 50 MPa under normal curing condition for structural application,
which is though slightly lower than that of normal concrete using the same W/B
ratio.

• The bond strength of rebar–LC3 concrete is 16.6% lower than that of the rebar–
normal concrete, but the secant stiffness of bond-slip curve is higher than normal
concrete. It may be because the second hydration of using metakaolin improves
the porosity of concrete, resulting in denser microstructure of the LC3 concrete.

• The experimental program conducts the bond-slip tests on rebar embedded with
LC3 or normal concrete considering limited parameters. Further study should
extend to investigate a wider range of parameters, e.g., different rebar diameter,
different concrete strength, embed length to generate a more unified analytical
model for bond strength prediction.
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Evaluating the Hydration of Cement
Mortar Blended with Calcined Clay
Using Piezoelectric-Based Sensing
Technique

Kamal Anand, Divya Aggarwal, Shweta Goyal and Naveet Kaur

Abstract This paper aims to study the possibility of using piezoelectric-based
patches to characterize the hydration of cement-based mortar mix blended with cal-
cined clay (CC). An embedded piezoelectric-based sensor is used for monitoring for
the early age as well as long-term hydration of binder paste. Progressive changes in
hydration of mortar were studied in terms of admittance signatures recorded over
a period of 28 days. This study examines the behavior of cement mortar with CC
as partial replacement of cement at various substitution levels of 4–12%. 70.6 mm
mortar cubes of 1:3 (cement:sand) were cast for the study. Setting time, compres-
sive strength and hydration of cement-based mortar mix were studied on formulated
binder paste. The experimental results with 6% replacement of cement showed max-
imum compressive strength as compared to other mixes, and similar trend of results
has been noted by electromechanical impedance (EMI) technique. Delay in setting
time and approximately linearly decrease in flow value have been observed with
rising the percentage of CC replacement as cement in cast mortar mixes. To study
the hydration of cement mortar mixes, signatures were recorded from 0 to 28 days
on the prepared cubes of 70.6 mm with different percentages of CC. To relate the
EMI spectra, statistical metrics such as root mean square deviation (RMSD) has been
used for all cement mortar mixes. RMSD was found to be reasonably effective in
estimating the hydration in terms of compressive strength gain of cement mortar over
the time.
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1 Introduction

With the infrastructure development globally, concrete is widely used in modern-day
construction due to various reasons like cheap availability,more durability and easy to
use in different civil engineering applications [1]. Monitoring real-time development
is not only important to determine the mechanical properties of the structure but also
important to ensure the safety of the structure [2]. During the course of chemical
process, there is significant increase in stiffness and real-time monitoring of strength
gain which is termed as hydration [3]. In the initial phase of hydration, cement-
based material behaves like a fluid, but after a specific time frame, it starts gaining
strength persistently. To monitor and symbolizing hydration of hard cementitious
materials, numerous non-destructive techniques (NDTs) have been reported such
as the penetrating technique, pulling-out test, surface hardness method, rebounding
hammering, resonant frequency, ultrasonic pulse velocities, scanning of electron
microscopy, X-ray diffraction techniques and thermal analysis [3, 4], but strength
prediction methodology has some limitations too. It is often found that most of the
calibration charts of the penetrating technique, the rebounding method and surface
hardeningmethod, are effective only for specific kind of cement, aggregates,moisture
content and age of the sample [4]. In addition, these methods require a monotonous
arrangement of the laboratory tests and cannot give ceaseless data about early age
properties. All things considered, these tests containing mechanical estimation and
compound investigation are not appropriate for observing in situ enormous scale
concrete structure, and results are vigorously affected by the drying process and test
preparation [5]. Earlier literature has analyzed the employability of lead zirconate
titanate (PZT)-based EMI to examine the feasible and most significant applications
for monitoring civil structures [6]. The EMI technique had been used by various
researchers for structural health monitoring of reinforced concrete (RC) structure,
corrosion detection, hydration of cementitious materials and so on [7]. For quality
control and work scheduling, information related to beginning and ending of the
hydration is extremely noteworthy. The EMI technique involves procurement of
conductance and susceptance response over a frequency range, either surface bonded
or embedded inside the structure which is to be monitored [8]. The EMI technique
has been proven as a paramount technique which can be applied under the well-
controlled environment as well as in the laboratory. Durability and repeatability
are being continuously examined. To make progressively precise and compelling
monitoring, various researchers are keen on creating inventive EMI techniques and
developing different assessment indices. Authors presented the results of gain in
compressive strength of cement paste comprising the supplementary cementitious
materials (SCMs) and investigated that root mean square deviation correlated better
results than CC [5]. Researchers worked on short-term monitoring of mortar while
embedded the PZT patch in the cube of size 100 mm. The structural resonance
peak was identified at 8 h, and it indicated the setting in the material [9]. Authors
found the RMSDs plots and proved that an embedded EMI technique was sensitive
for removing the formwork [10]. Shin et al. (2008) had done almost similar work
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related to EMI technique [11]. Yang et al. (2010) extended the application of PZT
patch by reuse for the future purpose [3]. Their results showed the initial hydration
of concrete and PZT patch is bonded to be fenced in area with two bolts tightened
inside the holes drilled in the enclosure and related the results of signature with
RMSDvalue.Moreover, they found that higher sensitivity can be predicted by thicker
PZTs. Authors proposed the active sensing method for monitoring the early age of
hydration in which smart aggregate with waterproof layer was sandwiched between
the twomarble blocks [12]. For quantitative assessment of strength gain and structural
health, RMSD has been demonstrated as dependable indices. To monitor the initial
hydration of cement-based material, EMI has been demonstrated as an effective and
accurate technique. For long-term monitoring, embedded PZT patches inside the
concrete give better observing predictions rather than surface bonded. However, the
literature available on strength gain of cement-based material containing CC has
not been examined by EMI technique. The hydration rate of cement is changed by
addition of supplementary cementitious materials (SCMs) and with different water-
to-cement ratios which result in the distinctive strength gain process from that of
a plain concrete [5, 9]. This present study aims to examine the possibility of using
EMI technique for in situ assessment of hydration of mortar paste containing CC
a well as correlates the results of setting characteristics and compressive strength
with conductance signature which is acquired from the raw data (real and imaginary
components) of PZT patch. The outcome of the present works can serve in the
evaluation of using piezoelectric-based NDT method to study the hydration process
of cement mortar.

2 Experimental Program

The experimental study was conducted on mortar specimens of cement paste mate-
rials with different mix proportions comprising ordinary Portland cement (OPC) of
grade 43 and CC. Ordinary Portland cement confirming to BIS 8112-2013 was used
in investigation [13]. The mortar proportion was efficiently balanced by varying CC
from 4 to 10% and 12% while keeping the water content ratio as 0.47. Table 1 shows
the composition of various mixes. The compressive strength of mortar paste was
evaluated using the 70.6 mm cube samples. As the CC percentage is increased, the
calculated proportions of cement content are decreased accordingly. A total of 96
cubes were cast, and compression strength tests were conducted at 1 day, 3 days,
7 days and 28 days. Setting time test was done to examine the quality of mortar as
per IS 4031 (Part 5).

Strength and workability characteristics of 1:3 cement mortar using natural sand
as fine aggregate and CCwere used at various replacement levels of cement and com-
pared. Slump test on mortar is depicted in BIS 4031 (Part 6)-1988 and conducted on
different percentages of CC substitution [14]. Fine aggregate of zone II (confirming
to IS 383:2016) was used with specific gravity of 2.6 and water absorption of 0.20%
[15].
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Table 1 Mix proportions of all cement mortar mixes

Mix
designation

CC
(%)

Embedded
PZT patch
number

Cement
content
(kg/m3)

CC
(kg/m3)

Sand
(kg/m3)

Water-cement
ratio

C0 0 PZT-1 479 0 1878.29 0.47

C4 4 PZT-2 460 19 1878.29 0.47

C6 6 PZT-7 450 29 1878.29 0.47

C8 8 PZT-8 441 38 1878.29 0.47

C10 10 PZT-9 431 48 1878.29 0.47

C12 12 PZT-10 422 57 1878.29 0.47

2.1 Casting of Mortar Cubes for Fixing PZT Sensors

The specimens utilized for the EMI measurements were each introduced with circu-
lar PZT sensor (procured from Central Electronics Limited, New Delhi) which had
a diameter 10 mm and thickness 1 mm having properties listed in Table 3. The PZT
sensors were implanted in the mortar specimen with two-part of an epoxy adhesive
of Araldite. An embedded PZT-based sensor comprises of PZT patch, protective
layer and lead wire for electrical connection [6]. In order to study the EMI mea-
surements, cured electro-conductive adhesive was connected to impedance analyzer
(LCR meter) by means of Kelvin clip as shown in Fig. 1. Typical measurements of
electrical admittance from PZT were conducted utilizing E4980AL LCR meter of
key sight at 201 discrete frequencies varying 20 Hz to 500 kHz.

The PZTs admittance (Y) was illustrated to be the inverse of the impedance [16].
Bhalla et al. [4] proposed the underneath equation for the electrical admittance of
PZT patch model by presenting the concept of “effective mechanical impedance” as
pursues:

Fig. 1 Experimental setup of EMI technique
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Table 2 Setting time of various mortar mixes

Mixes Initial setting time
(IST) (min.)

Final setting time
(FST) (min.)

Initial time–final time
(min.)

Slump
(mm)

C0 85 196 111 70

C4 90 204 114 65

C6 95 210 115 60

C8 101 222 121 55

C10 105 231 126 40

C12 112 240 128 35

Y = G + Bj = 4W
l2

h

[
ε33 − 2d2

31Y
E

(1− v)
+ 2d2

31Y
E

(1− v)

(
Za

Za + Zs

)
tankl

kl

]
(1)

where Y is the electrical admittance, YE is Young’s modulus, G is conductance, B is
susceptance, j is the imaginary unit, E33 is electrical permittivity, d31 is a piezoelectric
coefficient, ν is Poisson’s ratio, η is mechanical loss, δ is dielectric loss, κ is the wave
number, Za is the impedance of the PZT patch and Zs is impedance of the structure.
Therefore, impedance signature of PZT patch can be monitored and analyzed by
using the above formula and simultaneously visualizing the change in properties of
the specimen.

3 Results and Discussions:-

3.1 Initial and Final Setting Time Cement Mortar

Initial, final setting time and workability of various mixes of CC are given in Table 1.
Due to high surface area of CC and increase in the demand of water in accordance
with their interlayer absorption, it is reported that there is increase in initial and final
setting time of CC mortar mixes as compared to C0 [17]. Decreasing trend of slump
flow has been noticed due to increase in water demand for CC mixes [18] Table 2.

3.2 Compressive Strength of Cement Mortar

Compressive strength results of different mix proportions are shown in Fig. 2. With
curing time, the strength of cement mortar is increased both for control mix as well
as for different percentages of CC mortar mix due to chemical activation [19].

Maximum percentage rise is observed in compressive strength of cement mortar
by 6% replacement of cement at different ages of mortar cube. At 1 day, there
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Fig. 2 Results of
compressive strength versus
curing time of all mixes

is periodical increase in strength up to 6% replacement then a decrease up to 12%
replacement. Similar patterns have been observed for all other curing days.Moreover,
increase in strength at all percentage levels of CC has been noticed as compared to
reference mix proportion.

In short-term study, the less gain in the strength of cement mortar has been
observed for all the mix proportions. Therefore, long-term study (i.e., 28 days) is
more important to compare the results and for achieving the positive outcomes [18].
The drop in the strength after 6% replacement of cement by CC showed that beyond
this percentage CC acts as mere filler in the mortar cube as the percentage of SiO2

and Al2O3 is increased upto 6% [20].

3.3 Spectra of EMI Resonance

It is noticed that there is decrease in the conductance value after applying epoxy
layer over the PZT sensor. This may be due to softening and damping effect of epoxy
[20]. After analyzing the data (as shown in Fig. 3), it is observed that in initial days,
maximum upward shift in first resonance peak at 4% (0 h and 3 days), but suddenly
the maximum upward shift in first resonance peak at 6% (3 days, 7 days, 21 days
and 28 days) due to gain in strength of mortar paste at an early age, and formation
of C3S and C2S leads to upward shift in signature. Figure 6 shows the conductance
signature of all PZT patches at different days. Maximum resonant peak occurred at
200 kHz and upward increase in resonant frequency over the time [6].
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Fig. 3 EMI signatures of PZT patch at different curing ages a 1 day b 3 days c 7 days d 28 days
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Fig. 4 RMSD plots over the different frequency ranges of a 7 days and b 28 days

Gain in strength is recognized by clear shifts in frequency over the time interval
and that clearly occurred at 6%. To monitor the cement hydration, conductance
signature can be successfully used. All conductance signatures show the similar
trends as reported by authors [8].

The change in conductance signature can be monitored in two different intervals
of time, i.e., early age of monitoring and long-termmonitoring. Early age monitoring
refers to the time interval between 0 h and 24 h, and long-term monitoring refers to
the time interval from 1 day to 28 days.

In the first 24 h, maximum upward shift in conductance value at all the CC
percentage which means that maximum hydration has done in first 24 h. Suddenly,
there is reduction in conductance value at 3 days and then again proceeds toward the
upward. Almost, similar resonance peak has been observed at 24 h and 28 days. As
the hydration process continues and mortar cube becomes stiffer, the conductance
signature gradually shifts in the rightward direction [8].

In the present study, statistical technique is utilized, i.e., RMSD, to correlate
the results of hydration with PZT conductance signature. The RMSD plots over a
different sub-frequency range are shown in Fig. 4 at testing ages. In control mix, there
is regular increase in RMSD value with curing age. Between 0.02 and 100 kHz, the
large variation in RMSD plots (C4) for monitoring the hydration process is noted.
The relationship between compressive strength of various mixes cast with CC of
cement mortar cubes with bonded PZT patch has approximately similar results at
28 days as shown in Fig. 3. The RMSD plots at different interval of time have been
identified which is clay due to maximum rise in RMSD value at full frequency range.
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4 Conclusion

This study presents the effect of rate of hydration of cement mortar with embedded
PZT patch by utilizing EMI technique and depicts the gain in compressive strength
through EMI technique. In initial stage of hydration, embedded PZT patch was
able to commendably give the changes during early age of hydration process. In
initial hours, there was a major shift in frequency toward the rightward side. In spite
of that, it is very effective in long-term hydration because it shows the minimal
change in frequency shifts from 7 days to 28 days. To check the reliability of EMI
technique, correlate the conductance signature shifts with compressive strength test
for monitoring the strength gain. Moreover, an approximately same compressive
strength of cement mortar with bonded PZT patch at 28 days. It is concluded that 6%
replacement of cement by CC is the optimum percentage. Shift in conductance value
toward rightward side indicates the gain in stiffness in cement mortar and provides
the real-time information about hydration process. The effect of initial stiffening
occurred due to filling of cement pores by CC. There is retardation in initial and
final setting time of various mix proportions with the addition of CC. Decrease in
slump flow of cement mortar has been observed with increase in percentage of CC
as compared to control mix.
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Perspectives on Durability of Blended
Systems with Calcined Clay
and Limestone

Manu Santhanam, Yuvaraj Dhandapani, Ravindra Gettu
and Radhakrishna Pillai

Abstract In the light of the increasing demand for cement in construction and
dwindling reserves of cement-grade limestone, the blend of ground limestone and
lower grade calcined clay has emerged as a potential candidate for large volume
cement replacement. Studies of such ternary blended systems in paste and concrete
reveal very interesting physical and chemical effects on the structure development,
strength and durability performance. This paper describes the results of durability
studies conducted at IIT Madras on concretes prepared with limestone calcined clay
Cement, in comparison with ordinary Portland cement and fly ash-based cement.
The focus of the study was to delineate the chemical and physical effects caused
by the binder composition on durability indicators for chloride-induced corrosion.
The experimental strategy involved the assessment of the pore structure evolution
and electrical properties on cementitious pastes, along with measurement of the
durability parameters based onmoisture absorption, chloridemigration anddiffusion.
The results from the study reveal the complex interplay of the various factors that
lead to improved performance of the blended cementitious systems. 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 realize their potential.

Keywords Calcined clay · Limestone · Ternary blends ·Microstructure ·
Formation factor

1 Introduction

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 or supplementary cementitiousmaterials (SCMs) [1, 2].
With the lowavailability of goodqualityfly ash and slag and the uncertainty of tapping
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into the natural pozzolan sources, calcined clay has emerged as the most promising
alternative for the extender in blended cements [3, 4]. Another development over the
last 15 years or so has been increased by the 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 [5, 6]. More recent literature has indicated the
synergistic effects of using limestone in combination with other SCMs as part of a
ternary binder system with Portland cement [7–10].

A major international collaborative project between leading universities such as
EPFL (Switzerland), UCLV (Cuba), IITs Delhi, Bombay andMadras (India) in part-
nership with an Indian non-governmental organization called development alterna-
tives has resulted in a systematic scientific study this type of binder, termed as lime-
stone calcined clay cement (LC 3), which has contributed vastly to the development
of such binders [11].

The studies on hydration, microstructure and concrete performance with LC 3
binder systems have led to significant insights into the structure–property relation-
ships. The aim of the current paper is to throw light on the understanding of pore
structure and durability of concrete with ternary binder systems involving limestone
and calcined clay. The papermainly relies on the results already published in [12–14],
in conjunction with some new studies.

2 Materials and Methods

Ordinary Portland cement (OPC) of 53 grade conforming to IS 269, type F fly ash
from North Chennai, and limestone calcined clay cement (LC 3) from an industrial
production (reported in [15, 16]) were used as the binders in this study in Phase 1. The
fly ash and cement were blended together 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 [12]. In an extension of some of the investigations
(Phase 2), calcined clay from Bhuj, Gujarat (with 50–60% 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 1.
Gypsum amount was adjusted for the calcined clay—admixed binder to ensure that
the aluminate peak was pushed beyond the main silicate hydration peak based on
isothermal calorimetry profiles.

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 compres-
sive 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/m3 and w/b of
0.45 (designated as C-mix). A second investigation reports the results of binary and
ternary blended mixtures with the binders indicated in Table 1. In all these mixes,
the binder content and w/b were maintained at 360 kg/m3 and 0.45, respectively.

For all concrete mixes, the coarse aggregate was crushed granite with a maximum
size of 20 mm, and fine aggregate was well-graded river sand. The coarse to fine
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Table 1 Binder systems investigated in the study

SMC type Mix id OPC
(Clinker)
(%)

SCM (%) Limestonea

(%)
Gypsum (%)

Phase 1 OPC OPC 100 – – –

FA30 FA30 70 30 – –

LC 3 LC 3 50 31 15 4

Phase 2 OPC OPC 100 – – –

Class F FAF30 66 30 3.5 0.5

FAF42 55 42 3 0.5

FAFL10 55 34 10.5 0.5

FAFL15 54.5 30 15 0.5

FAFL20 54.5 25 20 0.5

Calcined
clay

CC30 65.0 30 3.5 1.5

CC42 53.5 42 3 1.5

CCL10 53.5 34 10.5 1.5

CCL15 53.5 30 15 1.5

CCL20 53.5 25 20 1.5

Note ainclusive of limestone contributed from 5% calcite present in OPC

aggregate ratiowasmaintained at 60:40 byweight, and a polycarboxylic ether (PCE)-
based superplasticizer was used to obtain a slump of 80–120 mm.

3 Results

3.1 Mechanical Properties

Figure 1 presents the evolution of compressive strength for the concrete mixes.
Figure 1a shows the results from Phase 1 [13], while Fig. 1b shows the results
from Phase 2. It is evident from Fig. 1a that the rates of strength development of LC
3 concrete are similar to OPC concrete and significantly higher than FA30 concrete
(which needs extended curing to achieve similar ultimate strengths). On the other
hand, the Phase 2 results in Fig. 1b 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% replacement level, and limestone is used up to
15% replacement level. Even in CCL20 with limestone substitution of 20%, there
is a steady development of strength up to 180 days. In CC42, with 42% binary sub-
stitution of calcined clay, there was stagnation in the strength development beyond
28 days as cementitious matrix could have possibly reached a portlandite-deficient
state at higher substitution levels of calcined clay.
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Fig. 1 Results for compressive strength evolution: a comparison of strength evolution from Phase
1 concrete made with OPC, FA30 and LC 3 and b influence of calcined clay-limestone ratio on
strength development of LC 3 concrete from Phase 2 studies

3.2 Durability Characteristics

The detailed results of durability tests from the Phase 1 study are presented in Dhan-
dapani et al. [13]. For the purpose of this discussion, the formation factor is computed
as ameans of assessing the influence of the pore structure development on the durabil-
ity results. The concept of formation factor has been extensively explored in [17–19].
In simple terms, the formation factor is the ratio of the conductivity of the pore solu-
tion to the effective conductivity of the bulk concrete. The use of formation factor
helps in understanding the influence of pore structure (volume and connectivity) on
durability, without the concomitant effects of the pore solution conductivity.

The variation of formation factor with age for the Phase 1 mixes are presented
in Fig. 2a based on Dhandapani and Santhanam [12]. The result clearly shows that
pore tortuosity (or disconnectedness), as represented by the formation factor, rapidly
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Fig. 2 a Change in formation factor with curing age for the Phase 1 ‘C-mix’ concretes, b exploring
relationships between formation factor and durability (in terms of water-filled porosity) for all Phase
1 from [12]
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increases for LC 3 concretes. In the case of FA30, extended curing is essential to get
the same level of increase in formation factor. The OPC concrete, on the other hand,
does not show much increase in formation factor beyond 7 days. From the same
paper, the results of the relationship between formation factor and the water-filled
porosity (as determined by vacuum saturated process on thin slices of cement paste)
are presented in Fig. 2a. The plot in Fig. 2b clearly indicates that the formation factor
can be a unifying approach to compare the structure development and durability
characteristics across cementitious systems with different binder chemistry.

The results of the non-steady state chloride migration coefficient (as determined
from the NT BUILD 492 test [20]), plotted against formation factor, are presented in
Fig. 3. Migration coefficient and formation factor were measured over different cur-
ing ages up to 1 year. Migration coefficient is a reliable test for chloride penetrability
than ASTM C1202 as the estimate is based on depth of penetration of chloride and
also the parameter has found acceptability in performance-based design approaches
for service life estimates as suggested in fib 34 [21]. The influence of the binder type
is clearly evident, with the results from the LC 3 concretes showing a much lower
migration coefficient and higher formation factor as compared to FA30, which in
turn shows a significantly better result than OPC. At the equivalent formation factor,
concretes made with different mixture proportion and binder chemistry have similar
chloride penetration resistance. This confirms the generic adoption of formation fac-
tor as a representative microstructure-based factor which can be related to durability
characteristics across different binder chemistry by deconvoluting the impact of pore
structure and pore solution from the bulk electrical response.

The results for secondary rate of water absorption from ASTM C1585 [22] also
indicate a superior performance for the LC 3 concretes (results in Fig. 4 presented
here are for theC-mix). In otherwords, the superlative performance of LC3 is evident
not just in migration-based experiments, but also in direct moisture movement by a
measure of absorption rate in unsaturated concrete.

Fig. 3 Non-steady state
migration coefficient
expressed against the
formation factor
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Fig. 4 Results of the sorptivity test as per ASTM C1585

It is clearly shown by the published works of Dhandapani and Santhanam [12]
and Avet and Scrivener [23] that this edge in performance comes from the rapid
development of a disconnected pore structure in the LC 3 systems. An evidence of
this phenomenon is presented in Fig. 5 from [12], where the results clearly indicate
the shift in pores towards finer sizes as early as 7 days for the LC 3 systems. The
results presented are for pastes with 0.35 w/b. These trends seem to indicate that LC
3 systems would not be significantly affected by the curing duration, with respect
to the development of the durability characteristics. Indeed, it was confirmed with
the result in Fig. 6 for the C-mix, which shows that LC 3 concretes had a very
low non-steady state chloride migration coefficient irrespective of the moist curing
duration (varied between 3 and 28 days). The OPC concretes also did not show a
major dependence on curing duration, but their performance was significantly lower
than LC 3 concretes. On the other hand, fly ash concrete showed a clear dependence
on the age of curing.
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Fig. 6 Influence of curing
age on durability properties

4 Discussion—Impact on Chloride-Induced Corrosion

The results in the preceding section give every reason to believe that the performance
of LC 3 concretes is expected to be superior in chloride environments. However, this
aspect is also affected to some extent by the binder composition. Literature indicates
that the chloride threshold is lowered in blended binder systems [24, 25]. Indeed,
results from the study conducted in the IIT Madras project (reported in Pillai et al.
[14]) also indicate the same, as seen in Fig. 7a. The determination of the chloride
threshold was as per the method suggested by Rengaraju et al. [26]. Pillai et al. [14]
used the chloride threshold data along with the transport characteristics (chloride dif-
fusion coefficient) reported in Dhandapani et al. [13]—shown in Fig. 7b—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
Fig. 8 indicate that despite the lower chloride threshold, the service life of LC 3
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Fig. 7 a Chloride threshold values for the different binder systems and b comparison of chloride
diffusion coefficients for all mixes from Phase 1



588 M. Santhanam et al.

Fig. 8 Comparison of
service life calculations for
the concretes with the three
binder systems as presented
in [14]

concretes is on par with FA30, and much superior to OPC systems in a chloride
environment.

The chloride corrosion performance was also directly assessed using the accel-
erated corrosion cracking test, based on the method suggested by FM 5-522 [27].
The results presented in Fig. 9 for M50 concrete clearly show that the concrete with
LC 3 does not crack at all in the test, despite a long time of 500 h. This could be
partially attributed to the extremely high resistivity of LC 3 concretes—an order of
magnitude higher than for OPC and significantly higher than FA30, as seen in the
results presented in Fig. 10.

The higher resistivity of LC 3 concretes is also expected to play a major role in the
slowing down of corrosion propagation—post initiation. Current work at IITMadras
looks at the role of the CSH chemistry in addition to the pore structure characteristics
with respect to the development of resistivity.
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Fig. 10 Surface resistivity
of concretes measured using
Wenner 4-probe test [13]

5 Synergy of Limestone Calcined Clay Binder Systems

The concretes from Phase 2 are used to determine compositional robustness of the
calcined clay binders and to investigate the influence of limestone—calcined clay
ratio on the resistivity development of concretes. Figure 11 shows the change in
resistivity of concretes with fly ash and calcined clay (as binary binders with cement,
as well as ternary binder with limestone). In order to evaluate the synergistic perfor-
mance from limestone addition in conjunction with a particular SCM, the resistivity
value of the concretes including L10, L15, L20 and SCM42 were normalized with
the resistivity of their corresponding 30% binary mixes (i.e. FAF30 and CC30) at the
respective age. This was done to assess the influence of increasing SCM or limestone
or a combination of limestone-SCM as substituent in place of clinker. For instance,
the value of SCM42 indicates the change in resistivity at a given age with increasing
substitution of calcined clay or fly ash (SCM42) from 30 to 42%. Similarly, L10,
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L15 and L20 indicate the change in the resistivity with respect to limestone addition
at the expense of clinker and/or SCM.

It is evident from Fig. 11a that increase in fly ash dosage positively improves
resistivity beyond 7 days. However, limestone addition along with fly ash reduces
resistivity indicating a more porous structure in comparison with FAF30 at corre-
sponding ages with an exception at 7 days. This can be due to early interaction of
limestone which is seen to show beneficial effect at 7 days at the expense of clinker.
However, lower reactivity of fly ash cannot mask the dilution of hydrates due to
limestone addition. On the contrary, Fig. 11b show the positive influence of calcined
clay-limestone combination on the resistivity development compared to binary cal-
cined clay concretes. At 180 days, all calcined clay-limestone combinations had
higher resistivity than binary calcined clay binders (i.e. CC30 and CC42). CCL10
with 10% limestone addition had shown nearly 20% higher resistivity at 7 days and
the performance extends to nearly 50% increase at 180 days. The resistivity devel-
opment clearly points out to a distinct synergy in the performance characteristics of
limestone calcined clay combination as cement replacement.

6 Conclusions

The durability performance of concrete with ternary binder systems prepared
with combinations of cement and limestone along with fly ash or calcined clay
was explored in this paper. Results from the study clearly indicate the supe-
rior durability performance—with respect to chloride-induced corrosion—of lime-
stone—calcined clay combinations as cement replacement. The ternary system with
cement-limestone-calcined clay offers an excellent alternative cement for the future.
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Tortuosity as a Key Parameter
of Chloride Diffusion in LC3 Systems

William Wilson, Julien Nicolas Gonthier, Fabien Georget
and Karen Scrivener

Abstract In the context of climate changes, limestone calcined clay cement (LC3)
represents a very promising alternative to ordinary Portland cement (OPC), not only
to reduce by up to 30% the CO2 emissions but also to dramatically increase service
life. Notably, the resistance to chloride ingress is significantly higher in LC3 sys-
tems, although understanding and quantifying the mechanisms responsible remain
a challenge. In this study, the effect of porosity on chloride diffusion was investi-
gated by comparing at water-to-binder ratios w/b= 0.3–0.5, OPC pastes and LC3-50
pastes (50% clinker, 30% calcined clay, 15% limestone and 5% gypsum). Chloride
diffusion was measured using a mini-migration test developed for paste samples.
The microstructure was further characterized in terms of porosity and diffusion tor-
tuosity as obtained from the formation factor. The results showed how increasing the
tortuosity of the porous network (by changing the binder type) led to a higher reduc-
tion of the chloride diffusion coefficient compared to decreasing the total porosity
with lower water-to-binder ratios. These results strengthened the importance of the
tortuosity as one of the key microstructure features to explain and model the chloride
diffusion in alternative cementitious systems (along with the chloride binding and
the composition of the pore solution).

Keywords Chloride diffusion · Porosity · Diffusion tortuosity · Limestone
calcined clay cement

1 Introduction

Building a sustainable future requires sustainable constructionmaterials such as con-
crete made of limestone calcined clay cement (LC3), which enables both significant
reduction in embodied CO2 and significant increase of service life (compared to con-
ventional ordinary Portland cement [OPC]). Notably, previous studies have shown
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the very high resistance to chloride ingress of LC3 systems [1, 2], and this improve-
ment of properties was related to the combined effects of porosity, chloride binding
and pore solution composition.

The latter is particularly important when using electricity-accelerated tests mea-
suring chloride penetration potential (in terms of charge passed, resistivity, migration
current, etc.) as the conductivity of the pore solution will affect the results and may
vary significantly in blended systems, by factors up to 2–4 [3]. Thus, the diffusion
tortuosity obtained from the formation factor (initially developed for diffusion in
rocks, [4]) may represent a better indicator for chloride ingress resistance as it takes
into account the conductivity of the pore solution [5, 6]. However, estimating ser-
vice life requires a chloride diffusion coefficient, which may be obtained in a more
straightforward way by measuring chloride flow or profiles of chloride ingress (e.g.
[7, 8]).

In this study, chloride diffusionwasmeasuredonLC3 andOPCsystems at different
water-to-binder ratios (w/b = 0.3, 0.4 and 0.5) using a mini-migration test adapted
for paste samples. The study further aimed to understand themechanisms responsible
for the high resistance to chloride ingress of LC3 systems; thus, the samples were
also characterized with respect to their porosity and diffusion tortuosity.

2 Materials and Methods

With the objective to limit variables and enable direct comparison between comple-
mentary analyses, the experimental set-ups and procedures were adapted to analyse
the same paste samples after 28-day curing in pore solution. The materials and
sample preparation are described below along with the experimental approaches
employed—the mini-migration test and the characterization of porosity using the
formation factor.

2.1 Materials and Sample Preparation

The raw materials employed in this study include an industrial cement CEM I 42.5,
an Indian calcined clay containing 45% calcined kaolinite, fine limestone powder
and gypsum of chemical grade.

The first series of OPC systems was prepared by mixing cement with variable
amounts of distilled water to obtain water-to-binder ratios of 0.3, 0.4 and 0.5, by
mass. The second series of LC3-50 systems was prepared by mixing 53% cement
with 30% calcined clay, 15% limestone and 2% gypsum at the same water-to-binder
ratios. To ensure homogeneity of the pastes, LC3-50 powders were pre-homogenized
with a paint mixer for 10 min before beginning the paste mixing procedure.

The pastes were mixed for 2 min in a high-shear mixer at 1600 RPM followed
by 1 min of vacuum mixing at 450 RPM to remove entrapped air and obtain a
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homogeneous consistency. A polycarboxylate-based superplasticizer was employed
to obtain similar workability for all mixes. The mixtures were then carefully cast
in cylindrical polypropylene moulds of 33 mm diameter with a funnel to avoid
entrapping air bubbles. The moulds were sealed for the first 24 h of curing before
demoulding. The samples were then transferred into slightly larger containers for
28 days of water curing in minimal amount of water. To further avoid any leaching,
an additional specimen was cast and finely ground for each series; this powder was
then added to each curing container to act as a leaching buffer protecting the sample.

2.2 Mini-migration Test for Cement Pastes

The mini-migration set-up employed for this investigation was developed using the
same principles as the chloridemigration set-up developed byMarchand et al. [9]. As
illustrated in Fig. 1, the main difference is the size of the set-up which was designed
about 30 times smaller for the investigation of cement paste discs of 33 mm diameter
by 10 mm thickness (similarly as in [10]).

After coating the sides of the sample with silicon and fixing it to the set-up, the
downstream reservoir was filled with 0.3 M NaOH solution (to limit leaching of
alkalis during the test) and the upstream reservoir with a solution of 0.5 M NaCl and
0.3 M NaOH. The chlorides were then forced through the sample with an electrical
potential provided by the power supply, while the migration current was measured
during the test with a data logger. In order to optimize the signal and the length of
the test, the voltage was adjusted to obtain an initial current between 10 and 20 mA.

To follow the migration of chloride through the sample, the downstream reservoir
was sampled each 2–4 days and the chloride content was titrated using a TitroLine®

5000 automatic titrator with a 0.05 M AgNO3 solution. When reaching a constant
migration regime, these periodic measurements were used to estimate the flux Jdown
[mol/m2/s]:

Fig. 1 The mini-migration set-up: the cement paste disc (33 mm diameter and 10 mm thickness)
is placed between the upstream and downstream reservoirs in which electrodes provide a potential
difference forcing the migration of chloride through the sample
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Jdown = 1

S

ṁCl−

MW,Cl−
(1)

where S is the surface area of the sample [m2], ṁCl− is the chloride mass rate [g/s],
and MW,Cl− is the chlorine molar mass [g/mol]. The effective diffusion coefficient
Deff was then calculated from the electrically-accelerated migration results using
a simplified Nernst–Plank equation [7, 11]. By assuming a constant electrical field
across the sample, the saturation of the paste, and a concentration equal to the activity
of chlorides, the equation could be simplified into

Deff = 1

cup

RT

F

Jdown
E

(2)

where cup is the upstream cell concentration [mol/m3], E is the electrical field through
the sample [V/m], T is the temperature [K], R is the gas constant [J/mol/K], and F
is Faraday’s constant [J/V/mol].

2.3 Characterization of Porosity with the Formation Factor

The total porosity φ was first estimated in terms of free-water relative volume. Slices
of saturated-surface-dry samples were weighted and their dimensions precisely mea-
sured. Free-water was removed by freeze-drying, and the dried samples were finally
reweighted. The diffusion tortuosity τD of the porous network was then estimated
based on the following definition of the formation factor:

F = ρb

ρ0
= ρbσ0 = τD

φ
(3)

where ρb is the bulk resistivity (� m), ρ0 is the pore solution resistivity (� m), and
σ0 is the pore solution conductivity (�−1 m−1). The bulk resistivity of the pastes
was directly measured with a Giatec RCON2 instrument on cylindrical specimens of
33 mm diameter by ~50 mm length. Pore solutions were extracted using an exper-
imental set-up similar to that proposed by Barneyback and Diamond [12] and the
conductivity of these solutions was directly measured with a METTLER TOLEDO
conductivity probe.
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3 Results and Discussion

3.1 Chloride Diffusion Coefficients

Figure 2 shows a typical evolution of the chloride mass in the downstream reservoir
as a function of time (shown here for the OPC system at w/b = 0.4). After an initial
delay t0, a constant migration regime was reached and the chloride mass in the
downstream reservoir increased at a constant rate ṁCl− . The time lag t0 represents
the breakthrough time, i.e. the time needed for chloride ions to migrate into the
whole thickness of the sample. The chloride mass rate ṁCl− was used to calculate
the effective chloride diffusion coefficient Deff with Eqs. (1) and (2).

The calculated Deff for both OPC and LC3-50 systems is shown in Fig. 3. For
each type of binders, Deff decreases with a decrease of the water-to-binder ratios (i.e.
as expected with an increase of the density of the cement paste matrix). However,
changing the type of binder from OPC to LC3-50 had a much higher impact, with
fivefold to tenfold reductions of Deff for the samewater-to-binder ratio. These impres-
sive results indicate the potential of using LC3-50 for reinforced concrete structures

Fig. 2 Typical
characterization of the flux
of chlorides with the
mini-migration set-up as
measured from sampling and
titration of the downstream
reservoir; after an initial
breakthrough time t0, a
constant migration regime is
reached with a characteristic
mass rate ṁCl−

Fig. 3 Chloride diffusion
coefficients obtained from
downstream titration of the
mini-migration set-up for
OPC systems (100%
ordinary Portland cement)
and LC3-50 systems (50%
clinker, 30% calcined clay,
15% limestone and 5%
gypsum) at water-to-binder
ratios w/b = 0.3–0.5
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exposed to chlorides and trigger the need to better understand the microstructural
differences between OPC and LC3-50 systems.

3.2 Characterization of the Porous Network

As the migration and diffusion of chloride ions occur through the porous network
of the cement pastes, a first parameter of interest is the total porosity. As shown in
Fig. 4, the free-water porosity is directly related to the water initially provided to
the system (i.e. to the water-to-binder ratio). Moreover, for the same w/b, similar or
higher porosity was measured for LC3-50 systems compared to OPC systems. Thus,
even if the reduction in porosity with w/c could explain the differences of Deff for
each type of binders separately, it does not provide a valid explanation for the lower
Deff of LC3-50 systems.

On the other hand, the diffusion tortuosity values presented in Fig. 5 are in
very good agreement with the diffusion coefficients of Fig. 3. Thus, reducing the

Fig. 4 Free-water porosity
for the investigated systems
as obtained by weight
difference of
saturated-surface-dry
specimens before and after
freeze-drying

Fig. 5 Diffusion tortuosity
of the porous network as
obtained from the formation
factor, showing the important
difference between the two
types of binders, for w/b =
0.3–0.5
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water-to-binder ratio not only reduces the porosity, but it also increases its “tortuosi-
ty”. Moreover, LC3-50 system microstructures are significantly different from those
of OPC, leading to tortuosities 2–3 times higher. The diffusion tortuosity describes
the difficulty for ions to diffuse in the porous network (relatively to their diffusion in
water). However, it is difficult to explain the very high values obtained for both types
of systems only by the geometrical tortuosity of the porous network. The measured
diffusion tortuosity is likely to include other mechanisms, which are currently under
further investigation.

4 Conclusion

In conclusion, this study showed that the tortuosity of the porous network has a much
higher impact on chloride diffusion than the porosity itself, based on a comparison of
28-day samples of conventional OPC pastes with LC3-50 systems at w/b= 0.3–0.5.
The findings can be summarized as follows:

• Firstly, reducing the water-to-binder ratio resulted in lower total porosity and thus
lower chloride diffusion coefficients;

• Secondly, at the same water-to-binder ratio, LC3-50 systems (with 50% clinker,
30% calcined clay, 15% limestone and 5%gypsum) exhibitedmuch lower chloride
diffusion coefficient than OPC systems;

• Thirdly, the diffusion tortuosity measured using the formation factor was found
to be closely correlated to the chloride diffusion coefficients, showing the same
trends when comparing OPC and LC3-50 systems.

Thus, in order to increase the service life of concrete structures exposed to chloride
ions, using LC3-50 systems with high tortuosity of the porous network seems to
be a very promising approach. Following this study focusing mainly on chloride
migration and on diffusion tortuosity, ongoing work includes in-depth investigations
and modelling of the same systems to consider the three key parameters of chloride
ingress in cementitious systems (i.e. porosity, chloride binding and composition of
pore solution).
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Chloride Resistance of Cementitious
Materials Containing Calcined Clay
and Limestone Powder

Raktipong Sahamitmongkol, Narith Khuon and Yanapol Thitikavanont

Abstract Durability of reinforced concrete in marine environment depends largely
on chloride resistance of concrete which should be always ascertained. In this article,
an effect of limestone calcined clay (LC2) on chloride resistance is, thus, investi-
gated. Limestone calcined clay cement with 7.5, 15, and 30% replacement by weight
was tested with various methods. Rapid chloride penetration test (RCPT) was per-
formed by measuring the total charge passed value according to ASTM C1202. The
age of samples for RCPT was 60 and 90 days. At the age of 90-day, control sample
had the charge passed of 4284 coulombs. The 7.5%, 15%, and 30% LC2 replace-
ment samples had the charge passed of 3490, 2486, and 926 coulombs, respectively.
Replacing cement with limestone calcined clay could decrease chloride ion pene-
trability of concrete. Moreover, the chloride binding capacity of LC2 cement paste
was also tested by 42-day exposure in different concentration of NaCl solution. For
0.3 M concentration of NaCl solution, the bound chloride contents of 30% LC2
cement paste and control cement paste were 25.40 and 12.09 mg/g, respectively.
The results significantly showed that LC2 cement paste had higher bound chloride
content than control paste for any rate of replacement. Cement paste samples were
submerged inNaCl solution for 168 days. Total and free chloride contents of pastes at
different distance from exposed surface were tested according to ASTMC1152 and
ASTMC1218, respectively, to compare apparent chloride diffusion coefficients of
LC2 cement pastes and that of control cement paste. The results clearly showed that
total chloride content of LC2 cement pastes was lower control paste. The chloride
diffusion coefficient and surface chloride content of 30% LC2 was 150.05 mm2/year
and 0.67% by weight, respectively. The cement paste with 30% LC2 had lower chlo-
ride diffusion coefficient and surface chloride content than control cement paste up
to 50%
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coefficient · Limestone
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1 Introduction

Chloride-induced corrosion of embedded reinforcing steel is recognized as a major
problem affecting durability of reinforced concrete structures. Chloride ions may
exist in concrete by many reasons. They may be added during mixing or penetrate
into concrete from exposed environment during service period. Chloride ions in
concrete can be categorized into two types, i.e., bound chloride and free chloride
[1]. The bound chloride is either chloride ions bounded by chemical reactions with
aluminate phases to form Friedel’s salt (3CaO·Al2O3·CaCl2·10H2O) or physically
adsorbed to surface of calcium-silicate-hydrate gel (C–S–H) [2]. The remaining
chloride ions in pore solution refer to free chloride. Only free chloride is responsible
for depassivation of steel reinforcement. Because when the concentration of free
chloride in pore solution is higher than the chloride threshold level, it can possibly
destroy the passive film with the presence of oxygen and water, leading to steel
corrosion [1–3].

The use of supplementary cementitious materials (SCMs) such as calcined clays
has a potential to improve the chloride resistance of concrete. Recently, a ternary
blended cement with the substitution of limestone and calcined clay has been
developed [4]. It is also called limestone calcined clay cement (LC2 cement or LC3).

Some researches showed that replacing limestone or alumina-rich components in
cement may largely influence the rate of chloride migration in concrete [5, 6]. It is
necessary to determine how this may influence the corrosion of steel reinforcement
in concrete. Moreover, little research investigated the chloride resistance of LC2
cement; especially, the LC2 cement produced in Southeast Asia or Thailand.

This study aims to evaluate the effect of LC2 cement on chloride resistance of
cementitious materials in terms of chloride penetration depth, chloride diffusion
coefficient, and chloride binding capacity. Two finenesses of limestone powder are
also considered.

2 Materials and Methods

2.1 Material

The ratio of calcined clay (CC) and limestone (LS) is 2:1 by weight and mixed with
ordinary Portland cement (OPC) type I as a binder. Thai raw clay was calcined at
temperature around 800 °C to obtain calcined clay and also ground to get average
particle size approximately equal to 15 µm. Two different sizes; 5 and 10 µm, of
local limestone powder with high calcium carbonate (CaCO3) content were used in
this study.

The gypsum was added into LC2 cement for 5% by weight of calcined clay.
Crushed limestone with a maximum size of 19 mm was used as coarse aggregate in
concrete, while natural river sand is used as fine aggregate.
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The chemical composition of OPC and limestone calcined clay (LC2) is shown
in Table 1. It was found that LC2 consists primarily of 27.97% and 23.67% of silica
dioxide and aluminum oxide, respectively. Both of these oxides are components of
calcined clay and have pozzolanic nature, while 18.4% of CaO and 15.55% loss of
ignition indicate the portion of limestone power in the LC2.

2.2 Details of Mix Proportions

Seven mix proportions were tested to evaluate chloride resistance of both LC2 con-
cretes and LC2 cement pastes as shown in Table 2. Control (CT) mix proportion was
cast by using 100% of OPC, while the limestone calcined clay cement (LC2 cement)
were cast by LC2 replacement rates of 7.5, 15, and 30% by weight of binder. In this
mix proportion, all specimens contain 5% gypsum (GS) by weight of calcined clay
and the water to binder ratio (w/b) is 0.5 for all specimens. The ratio of paste: fine
aggregate: coarse aggregate was controlled by 0.276:0.315:0.409 byweight. In Table
2, the terms ‘LC5’ and ‘LC10’ indicate the use of limestone calcined clay (LC2) with
the average size of 5 and 10 micron, respectively.

Concrete samples weremixed in drummixingmachine and casted into cylindrical
molds with 100-mm diameter and 200-mm height. At 24 h after mixing, the samples
were demolded and cured in tap water until the date of testing.

Cement paste samples were mixed and casted in 55-mm diameter and 110-mm
height PVC cylindrical molds. At 24 h, the samples were removed from the molds
and cured in tap water.

2.3 Test Method

Chloride penetration depth: After the curing period of 28 days, the concrete sam-
ples were cut at middle height to get two pieces of concrete samples. The sample
with 100-mm diameter and 100-mm height was used to evaluate the chloride pene-
tration depth. All surfaces of the concrete samples except the cut surface were coated
with epoxy, so that the chloride ion can penetrate into sample only in one direction.
Subsequently, all of the samples were submerged in 5% NaCl solution for 60 and
90 days.

After 60-day and 90-day of exposure, the concrete sampleswere vertically split off
and sprayed with 0.1MAgNO3 solution in order to measure the chloride penetration
depth from the formation of AgCl with white color.

Rapid chloride penetration: The rapid chloride penetration test (RCPT) was per-
formed by measuring the total charge passed value. According to ASTM C1202,
chloride ion penetrability of samples were classified and compared by the value of
charge that passed through the concrete samples. After the concrete samples reached
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Table 2 Mix ratios of binder for concrete and cement paste

Mix Binder (% by weight) w/b

OPC CC LS-5 LS-10 GS

CT 100 – – – 0.5

7.5LC5 92.25 5 2.5 – 0.25 0.5

15LC5 84.5 10 5 – 0.50 0.5

30LC5 69 20 10 – 1 0.5

7.5LC10 92.25 5 – 2.5 0.25 0.5

15LC10 84.5 10 – 5 0.50 0.5

30LC10 69 20 – 10 1 0.5

the curing age of 60 and 90 days, the samples were horizontally cut to get the height
of 50-mm. Subsequently, silicon sealant was used to coat the curve side surface of
samples. Next, the samples were assembled with the rapid chloride penetration test
cells. A direct current with voltage of 60 V is maintained across the exposed flat sur-
faces of the sample. Negative pole is connected to 3.0% NaCl solution and positive
pole is connected to 0.3MNaOH solution. The current (I) was recorded continuously
by computerized measuring system for 6 h.

The total charge passed in unit of coulombs was calculated by using the value of
electric current (I) as shown in Eq. (1).

Qx = 900(I0 + 2I30 + 2I60 + · · · + 2I300 + I360) (1)

where

Qx Charge passed which passed through the x-mm diameter sample, coulomb
I0 Initial current when the voltage is applied, ampere
I t Current at t(min) after the voltage is applied, ampere.

Chloride binding capacity: The paste samples were cured in water for a period of
24 weeks. At the end of the curing period, the pastes were cut, ground, and sieved to
obtain particles size ranging from 250 to 841 µm (passing through sieve No. 20 and
retaining on No. 60). The samples were then dried under a vacuum (0.75 bar) in a
desiccator containing silica gel for three days in order to remove most of the water.
After that, the dried samples were stored in a desiccator with decarbonized air and
kept at 11% RH by saturated LiCl solution for 7 days.

The equilibrium method developed by Luping and Nilsson [2, 7] was used to
determine chloride binding capacity in this study. As the first step, 20 g of the sample
dried at 11% RH was placed in plastic bottle and filled with approximately 50 ml
of NaCl solution.There are four different cases of NaCl concentrations (0.3, 0.5,
1.0, and 3.0 M). The bottle was sealed and stored for 6 weeks to allow the solution
to reach equilibrium. After equilibrium was reached, the chloride concentration of
host solution was then determined by means of potentiometric titration using 0.05 M
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AgNO3. Since the samples stored under 11% RH contained some moisture content,
weight of dry sample was calculated by drying in oven at 105 °C. Then, knowing the
initial and final concentrations of the NaCl solution, the weight of dry sample, and
the volume of the external solution, the content of bound chloride was determined
by using Eq. (2).

Cb = 35.45V(Ci − Cf)

W
(2)

where

Cb Amount of bound chloride of sample, mg/g
V Volume of the external solution, ml
Ci Initial chloride concentration of external solution, mol/l
Cf Equilibrium concentration of the chloride solution, mol/l
W Weight of the dry sample, g.

Chloride diffusion coefficient: The paste samples were prepared and coated by
epoxy onto all surface area except exposure surface in order to allow chloride pen-
etration to penetrate in only one direction. The samples were exposed to 5% NaCl
solution for 168 days.

At the end of exposure, the specimen was dry-cut into 10-mm thick disks. At
least 4 disks were cut from the exposed surface of each specimen and each disk
was ground into powder. Next, 10 g of the paste powder in each disk was prepared
for chloride tests according to ASTM C1218 [8] and ASTM C1152 [9] in order to
determine free and total chloride contents, respectively.

Free chloride content: 2 g of the powder from each cement paste disk was put in the
250-ml beaker. 50 ml of reagent water was added to beaker. Then, the mixture was
heated to boil for 5min and allowed to stand for 24 h. The samplewas filtered through
a fine-textured filter paper. 3 ml of 1:1 ratio diluted nitric acid (HNO3) solution by
volume was poured. After allowing the solution to stand for 1–2 min, the process of
boiling sample was repeated for a few seconds. Sample was left at room temperature.
Make a blank using 75 ml of distilled water. 2 ml of 0.05MNaCl solution were filled
into cooled sample beaker. The cooled sample was placed to auto-titration machine
and started titrating with 0.05 M AgNO3.

Total chloride content: About 2 g of sample and 75ml of distilledwaterwere put in the
beaker. 25 ml of 1:1 ratio diluted nitric acid (HNO3) solution by volume was slowly
poured. The sample was stirred with a glass rod to break up any lumps of sample
and then 3 drops of methyl orange indicator were added. The mixture was heated
to boil for 10 s and subsequently removed from hot plate. The sample was filtered
through a coarse-textured filter paper. Next, 2 ml of 0.05MNaCl solution were filled
into the cooled sample. The cooled sample was then placed to auto-titration machine
and titrated with 0.05 M AgNO3. The content of chloride was determined by using
Eq. (3).
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% Cl = 3.545N(V1 − V2)

W
(3)

where

V1 Volume of 0.05 N AgNO3 solution used for sample titration, ml
V2 Volume of 0.05 N AgNO3 solution used for blank titration, ml
N Exact normality of 0.05 N AgNO3 solution, mol/l
W Mass of sample, g.

After the total chloride profile of samples was determined, Fick’s second law of
diffusion as shown in Eq. (4) was applied to fit the total chloride penetration profile.

Cx,t = Cs

[
1 − erf

(
x

2
√
Dct

)]
(4)

where

Cx,t Total chloride content at distance x from the surface at time (year), %
Cs Chloride content at exposure surface, %
x Distance from concrete surface, mm
Dc Chloride diffusion coefficient, mm2/year
t Time, year.

A best-fit value of surface chloride content (Cs) and chloride diffusion coefficient
(Dc) was determined by the least-square error between calculated chloride content
and the experimental results.

3 Results and Discussion

3.1 Chloride Penetration Depth of Concrete

Chloride penetration depths of LC2 concrete with any sizes of LS are lower than
that of CT concrete. And, higher rates of LC2 replacement lead to lower chloride
penetration depth of concrete as shown in Table 3. The sample “30LC5” had the
lowest chloride penetration depths among of all concrete samples. The lower pen-
etration depth clearly indicates that the use of LC2 cement as a binder effectively

Table 3 Chloride penetration depth of OPC and LC2 concretes at 60 and 90 days

Chloride penetration
depths (mm)

CT 7.5LC5 15LC5 30LC5 7.5LC10 15LC10 30LC10

60 days 23.1 17.1 14.1 8.3 21.0 18.5 13.1

90 days 28.0 19.2 16.1 9.0 25.2 23.1 17.2
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provides better chloride resistance. Moreover, the penetration depth of 30LC10 is
almost double of that found in 30LC5 after 90-day exposure. This strongly indicates
that the 5-µm limestone powder is better than 10-µm one to be used as a part of LC2
when the chloride resistance is considered.

3.2 Chloride Binding Capacity

Figure 1 shows the bound chloride of LC2 cement pastes submerged in 0.3M,
0.5M, 1M, and 3M NaCl solution. The results show that the use of LC2 to par-
tially replace OPC could improve the chloride binding capacity. This is in line with
several researches [2, 10, 11] which showed that replacing OPC with high alumina
content material increases chloride binding capacity since Al2O3 content in LC2
used in this study was also high. The result implies that that reactive Al2O3 in the
LC2 has an ability to chemically react with chloride to form Friedel’s salt. Moreover,
LC2 cement paste might influence an increase of chloride binding capacity in term
of physical bound chloride because LC2 cement pastes also contain more C–S–H.
Considering the case of 3 M concentration, 35 and 80% increase of bound chloride
could be obtained with 7.5 and 15% LC2 replacement. Apparently, 30LC5 bound
the most (25.40 mg/g) and CT bound least amount of chloride (12.09 mg/g), respec-
tively. That means 30LC5 has more than double chloride binding capacity than the
CT paste.
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Fig. 1 Chloride binding relationships for OPC and LC2 cement pastes



Chloride Resistance of Cementitious Materials … 609

3.3 Rapid Chloride Ion Penetration

The replacement rate of LC2 in concrete was the major factor for reducing the charge
passed values of LC2 concrete.

The chloride ion penetrability CT sample is 4445 and 4284 coulombs at the
concrete age of 60-day and 90-day, respectively. According to ASTM C1202 [12],
these values can be classified as “high” level. With LC2 replacement percentage
of 7.5% and 15%, the charge passed in concrete could be reduced for 18% and
40%, respectively, as shown in Fig. 2. When the replacement rate of LC2 is at 15%
by weight, chloride ion penetrability of concrete is classified in “moderate” level.
In the case of 30% LC2 replacement, the excellent resistance of chloride could be
observed. The value of charge passed could be reduced for 75% when compared
to CT sample and can be classified to a “very low” level. It was also found that
the sample incorporating 30% LC2 with 5-µm limestone powder (30LC5) has the
lowest charge passed in concrete among all samples. The remarkable low charge
passed value of LC2 concrete is believed to be related to the higher chloride binding
capacity of LC2 concrete and the refined microstructure.

It should be noticed from the results as well that all samples with 5 µm LS have
slightly less charge passed than the case of 10-µm LS. The results are similar to
other studies which suggest that chloride ingress in limestone concrete decreases
with increasing limestone fineness [6]. The charge passed values of the samples
tended to decrease in all concrete mix proportion when the curing age increased
from 60 to 90 days. This is natural because the concrete samples became denser due
to higher degree of hydration and pozzolanic reaction.

High 

Moderate 

Low

Very Low

Fig. 2 Charge passed of concrete by using rapid chloride penetration test (RCPT) at 60 and 90 days
of curing period of concrete samples
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3.4 Distribution of Total Chloride and Free Chloride

The results in Fig. 3 demonstrate that the LC2 cement pastes with any rate of replace-
ment provide lower total and free chloride contents thanCTpaste at the same distance
from exposure surface.

The chloride contents are high near the exposed surface and decrease with more
distance from the surface for both CT and LC2 cement pastes. The total chloride
content at distance 5 mm from exposure surface could be reduced for 25%, 36%, and
50% for 7.5%, 15%, and 30% LC2 replacement, respectively. The sample “30LC5”
has lowest chloride content at any distances which are 0.45%, 0.12%, and 0.04% at
distance of 5, 15, and 25 mm from exposure surface, respectively.

The trend of free chloride content profile is similar to total chloride content profile.
Comparing free chloride contents of all types of samples at the depth of 25 mm,
30LC5 exhibited the lowest chloride content. Furthermore, the LC2 cement pastes
with 10-µm LS have higher free chloride content than the case with 5-µm LS as
shown in Fig. 3.

Total chloride content (%) Free chloride content (%) 

Fig. 3 Total and free chloride content of OPC and LC2 cement pastes after 168-day exposure in
5% NaCl solution
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Table 4 Diffusion coefficient
and surface chloride content
of CT and LC2 cement pastes

Mix Diffusion coefficient
(mm2/year)

Surface chloride
content (%)

CT 345.55 1.17

7.5LC5 344.45 0.86

15LC5 292.50 0.79

30LC5 150.05 0.67

7.5LC10 351.90 0.92

15LC10 346.40 0.75

30LC10 241.05 0.63

3.5 Chloride Diffusion Coefficient

Table 4 illustrates effect of LC2 replacement on apparent chloride diffusion coeffi-
cient (Dc) of cement pastes after being exposed to 5% NaCl solution. The results
revealed that chloride diffusion coefficient (Dc) decreased with more LC2 replace-
ment. It can be explained that both the refinement of pore structure and enhanced
chloride binding capacity of LC2 cement pastes reduce the chloride diffusion coef-
ficient. 30LC5 cement paste has the lowest apparent diffusion coefficient which is
150.05 mm2/year (approximately half of CT paste). As a results, the surface chloride
content decreases with higher replacement of LC2. Considering the effect of particle
size of LS, the LC2 cement pastes containing 5-µm LS have lower Dc than that with
10-µm LS.

4 Conclusions

1. The results of chloride penetration depths fromconcrete in fully immersion reveal
that the penetration depths of LC2 concrete with all types of LS particle sizes
were lower than that of CT concrete and more LC2 replacement increased the
chloride resistance of LC2 concrete. The samples containing 5-µm limestone
powder had lower chloride ion penetration than the case of 10 µm.

2. Chloride binding capacity of cement paste could be significantly improved by
utilizing limestone calcined clay (LC2) to partially replace Portland cement.
Higher LC2 replacement results in higher binding capacity.

3. The results of rapid chloride penetration show that the use of LC2 to replace OPC
in concretes reduces effectively the charge passed of LC2 concretes. In addition,
the higher LC2 replacement; the lower chloride ion penetrability.

4. For chloride penetration profile, the results demonstrated that the pasteswith LC2
had lower chloride content than conventional cement paste at the same distance
from the surface of paste.
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Chloride-Induced Corrosion Resistance
of Steel Embedded in Limestone
Calcined Clay Cement Systems

Sripriya Rengaraju, Radhakrishna G. Pillai, Lakshman Neelakantan,
Ravindra Gettu and Manu Santhanam

Abstract Nowadays, various concrete systemswith fly ash, slag, limestone calcined
clay, etc. exhibiting high ionic resistivity are used to enhance the resistance against
chloride-induced corrosion. This study deals with the corrosion assessment of steel
in three cementitious systems, namely (i) Ordinary Portland Cement (OPC), (ii) OPC
+ 30% fly ash, and (iii) limestone calcined clay cement (LC3) exhibiting ‘low to
moderate’, ‘moderate to high’, and ‘very high’ resistivities, as per AASHTO T358
(2017). Results from the ASTM G109 and impressed current corrosion (ICC) tests
were evaluated. It was found that LC3 systems have excellent resistivity against the
ingress of chlorides and provide better corrosion resistance. It was also found that the
corrosion products formed on steel in LC3 systems are different and less expansive
than that found in the OPC systems.

Keywords Chloride-induced corrosion · Limestone calcined clay cement · ASTM
G109 · Impressed current corrosion

1 Introduction

Most structures built with Ordinary Portland Cement (OPC) systems are showing
premature corrosion (say before reaching the anticipated design life) due to high
permeability and poorly developed microstructure. Hence, nowadays, cements with
pulverized fly ash (PFA), limestone calcined clay cement (LC3), etc. with very high
ionic resistivity are used to enhance the resistance against the ingress of moisture
and chlorides, and thereby delay the onset of corrosion. Figure 1 shows the surface
resistivity of concrete made with different binders classified as per AASHTO T358
(2017) [1, 2]. In this study, the long-term corrosion performance of OPC, PFA, and
LC3 systems was assessed using ASTM G109 [3]. Also, the performance of these
systems under impressed current corrosion (ICC) test, as per FM5-522 [4], was
assessed. Following this, the corrosion-induced cracking in these systems was also

S. Rengaraju · R. G. Pillai (B) · L. Neelakantan · R. Gettu · M. Santhanam
Indian Institute of Technology Madras, Chennai, India
e-mail: pillai@iitm.ac.in

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_68

613

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_68&domain=pdf
mailto:pillai@iitm.ac.in
https://doi.org/10.1007/978-981-15-2806-4_68


614 S. Rengaraju et al.

Fig. 1 Typical surface
resistivity of OPC, PFA, and
LC3 concretes [2]

evaluated. It was also found that the resistivity and chemistry of cementitious system
used to play a significant role in the type of corrosion products formed and resulting
in expansive stresses and cracking of concrete cover. It was found that some of these
tests are not suitable to evaluate the steel-cementitious systems with high resistivity
(say, LC3).

2 Experimental Programme

Three binders, namelyOPC, 70%OPC+30%replacementwith class Fflyash (PFA),
and 50% OPC clinker+ 50% limestone calcined clay (LC3), were studied. Thermo-
mechanically treated (TMT) rebar was used for all the tests. The performance of
binders in delaying the onset of corrosionwas assessed using the following long-term
and short-term electrochemical test methods, namely (i) ASTM G109 test method
and (ii) ICC test method. The details of each test method are explained next.

ASTM G109 test method

Figure 2 shows the schematic of the G109 test specimen. M25 concrete mix was
used for the study. See Table 1 for the mix design. The size of the coarse aggregate
was restricted to 10 mm to have a reduced cover depth of 19 mm, as per the standard.
Three specimens were cast for each combination. The specimens were subjected to

Fig. 2 Schematic diagram of macrocell corrosion test specimen
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Table 1 Concrete mix design
used for the ASTM G109
tests

Ingredients Quantity (kg/m3 of concrete)

Water–binder ratio 0.5

Binder 360

Fine aggregate 877

Coarse aggregate 954

alternate wet-dry cycle with 3%NaCl solution. Macrocell corrosion current between
the top bar (anode) and the two bottom bars (cathode), Icorr, was monitored as per
ASTM G109, and half-cell potential of the top bar (anode), Ecorr, was monitored as
per ASTM C876 [5] at the middle of the wet cycle. The time to corrosion initiation
(i.e. time taken for the total charge to reach 150 C) was calculated as per ASTM
G109 procedure.

Impressed current corrosion test method

Figure 3 shows the schematic of the impressed current corrosion (ICC) test specimen.
Each ICC test specimen consisted of a concrete cylinder (200 mm long x 100 mm
diameter) with a 16-mm-diameter TMT rebar (100 mm long) embedded at the centre
with a side cover of 42 mm and an end cover of 50 mm. M35 grade concrete was
used for the study. The rebar in the specimen was connected to the positive terminal
of the DC power supply system. A nickel-chromium (Nichrome) mesh placed in the
electrolyte was connected to the negative terminal. An external potential gradient of
15 V was applied for 10 hours a day until failure (visible crack) occurred. At the end
of testing, the oxide composition of the corrosion products on the steel was analysed
with Raman spectroscopy for all types of concrete.

Test specimen Test setup

Fig. 3 Schematic diagram of impressed current corrosion test specimen and set-up
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3 Results and Discussion

ASTM G109 test method

Figure 4 shows the half-cell potential, Ecorr, and Fig. 5 shows the macrocell current
exhibited by the ASTM G109 type specimens with OPC, PFA, and LC3 concrete,
respectively. The cumulative charge of 150 C was observed early in OPC when
compared to the corresponding LC3 specimens with higher resistivity. The refined
pore structure and high ionic resistance in early age enhance the corrosion resistance
in LC3 specimens. Hence, the macrocell corrosion current measured in Circuit 1 (see
Fig. 6) as per ASTM G109 standard was very less in LC3 specimens. However, due
to higher resistivity in LC3, macrocell corrosion within the same rebar (Circuit 2)
was found to be predominant, as observed by Hansson et al. [6] and Rengaraju et al.
[7], as shown in Fig. 7.

Impressed current corrosion test method

Figure 7 shows three distinct ranges of instantaneous corrosion current (I) observed
in the ICC test specimens. OPC concrete has lesser resistivity, and hence, higher I
in the range of (40–80 mA) was observed. In PFA, the I observed was lower (10–
30 mA) due to medium resistivity, whereas LC3 has the lowest range of I (say,
0–3 mA) due to very high resistivity. The potential was applied until all the OPC
specimens cracked. When the OPC specimens cracked, the application of voltage on
the companion specimens of PFA and LC3 was terminated. All the specimens were
tested for a maximum of 160 h, because all the OPC specimens cracked within that
time duration.

The corrosion products tend to move to the capillary pores accessible near the
interface and start accumulating. When these products fill the pore space, they create
radial stress and induce cracking. Since OPC has less resistivity and higher capillary

Fig. 4 Ecorr as a function of time (as per ASTM C876)
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Fig. 6 Possible macrocell corrosion current circuits in ASTMG109 test specimen (Rengaraju et al.
[7])

Fig. 7 Instantaneous current in OPC, PFA, and LC3 systems as a function of time



618 S. Rengaraju et al.

porosity [8], the instantaneous corrosion current is much higher than that in the PFA
and LC3 concrete. This led to earlier cracking in OPC specimens. In PFA specimens,
small hairline cracks were observed in one of the specimens. This could be due to low
resistivity in the early age of hydration in PFA specimens. No cracks were observed
in any of the LC3 specimens. The reason for this lack of cracking in LC3 systems
was found by understanding the difference in the nature of corrosion products and
resulting expansive stresses in OPC, PFA, and LC3 systems.

Figure 8 shows the Raman spectra obtained from the specimens with OPC, PFA,
and LC3 specimens (after the ICC tests). In OPC and PFA specimens, the corrosion
products formed are lepidocrocite and feroxyhyte, respectively (as indicated by the
peaks at 248, 300, 668, and 1311 for OPC and at 297, 392, and 666 for PFA), which
are expansive in nature (say, by about three times). Due to higher corrosion current
in OPC and PFA specimens, the amount of corrosion products formed is also greater.
This leads to significant expansive stresses in concrete and results in cracking of
the cover. However, the corrosion products formed on steel in LC3 specimens had
hematite and magnetite (as indicated by the peaks at 292 and 410 for LC3), which
are not as expansive as lepidocrocite and feroxyhyte. Also, the dense microstructure
restricts themovement of ions in the cementitiousmatrix and thus restricts the current
flow leading to lower current and maintenance of the passive film. Because of these
two reasons, the LC3 specimens did not crack. In general, the corrosion current data
indicate that LC3 can exhibit higher corrosion resistance thanOPC and PFA systems.
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Fig. 8 Raman spectra of corrosion products of steel in OPC, PFA, and LC3 systems
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4 Conclusions

Based on the long-term ASTM G109 and short-term ICC testing, the following
conclusions are made

(1) The chloride ingress could be very slow in LC3 specimens due to higher
resistivity, and thus, it provides longer durability against chloride-induced
corrosion.

(2) LC3 system has higher resistance against impressed current corrosion compared
toOPC and PFA systems.Due to higher resistivity in the early age itself, the LC3
specimens have denser microstructure and lead to better corrosion resistance by
protecting the passivity of the steel.

(3) The nature of corrosion products formed on steel in LC3 systems is less expan-
sive than that formed on steel in OPC and PFA systems—resulting in less
corrosion-induced cracking in the former systems.
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Influence of Carbonation on Mechanical
and Transport Properties of Limestone
Calcined Clay Blend Mortar Mix

Tarun Gaur, Lav Singh and Shashank Bishnoi

Abstract When calcium bearing phases of hydration products react with carbon
dioxide, it results in formation of calcium carbonate. The consumption of alkaline
compounds leads to reduction in the pH of concrete, thereby affecting the stabil-
ity of hydration product and increasing the risk of steel corrosion in low alkaline
environment. The reaction of pozzolans with calcium hydroxide reduces the reserve
alkalinity in the hydrated cement paste which accelerates the rate of carbonation. The
main objective is to determine the change in mechanical and transport properties of
carbonated and non-carbonated samples. In this investigation, a cement blend mix
has been prepared using OPC and limestone calcined clay. Mortar specimens were
prepared for using blend to sand ratio as 1:3 to prepare samples for testing compres-
sive strength, sorptivity and porosity using boiling water test. Paste samples were
cast to measure reserve alkalinity and carry out thermogravimetric analysis. Some
specimens were kept in carbonation chamber for 90 days at 3% CO2 concentration
and 60% relative humidity for carbonation to occur at an accelerated rate while the
other samples were sealed to avoid carbonation. The results show that after carbon-
ation, there is slight decrease in the compressive strength and increase in sorptivity
after carbonation of LC3.

Keywords Carbonation · Boiling water test · Thermogravimetric analysis

1 Introduction

Carbonation is one of themajor factors which affect the durability of concrete. This is
usually a cause of concern in the areas where carbon dioxide concentration is higher

T. Gaur (B) · L. Singh · S. Bishnoi
Indian Institute of Technology Delhi, New Delhi, India
e-mail: tarun.tg94@gmail.com

L. Singh
e-mail: singh.lav1987@gmail.com

S. Bishnoi
e-mail: bishnoi@iitd.ac.in

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_69

621

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_69&domain=pdf
mailto:tarun.tg94@gmail.com
mailto:singh.lav1987@gmail.com
mailto:bishnoi@iitd.ac.in
https://doi.org/10.1007/978-981-15-2806-4_69


622 T. Gaur et al.

such as in railway tunnels (where diesel locomotives are used to haul trains) or any
other industrial area where CO2 emission is higher than normal. Carbonation is one
of the major reasons for corrosion of reinforcement. Carbonation is the conversion of
calcium bearing phases into calcium carbonates when it reacts with carbon dioxide.
In this reaction, calcium hydroxide is also consumed; therefore, the pH of concrete
reduces to below 8.3. Thus, the alkaline passivating film on the reinforcing steel gets
deteriorated, and the steel gets exposed to outer environment. [1] pointed out that
the presence of even a small amount of chloride in carbonated concrete enhances the
corrosion rate resulted from carbonation of concrete.

Ca(OH)2 + CO2 → CaCO3 + H2O

Many researches state that when OPC is carbonated, its porosity gets reduced as
conversion of calcium hydroxide to calcium carbonate increases its volume. Carbon-
ation of Ca(OH)2 causes expansion and thus a decrease in porosity, while carbonation
of C–S–H causes shrinkage, thus an increase in porosity [2]. The carbonation of C–
S–H results in leaching of calcium ions fromC–S–H leads to formation of amorphous
silica gel. This reaction is accompanied by an overall reduction in the volumeof solids
in concrete. This reduction in volume results in increase in porosity of concrete and
pore sizes, known as carbonation shrinkage [3, 4]. In case of blended cement paste,
the amount of free calcium hydroxide is very low while the amount of CSH is high.
CH and CSH both release calcium ions into the solution simultaneously, but it has
been seen that CH reacts faster than CSH [5]. There in OPC more of CSH reacts
with carbon dioxide thereby increasing the porosity of mortar as conversion of CSH
to CaCO3 reduces the product volume and increases the porosity.

GGBS, SF, FA, Metakaolin, etc. contribute to the improvement of various other
properties. They improve strength of concrete and results in reduction of carbonation
depth [6]. This is true up to a certain level of replacement of OPC clinker. The degree
of carbonation and change in various properties depends upon the type of mineral
admixture and its proportion in the mix composition.

2 Experimental Work

2.1 Materials and Specimens

Limestone calcined clay (LC2) was used in this experiment with limestone: calcined
clay as 1:2. LC2 was mixed thoroughly with OPC in a ball mill with LC2: OPC
as 45:55. Various tests performed on the raw materials to determine physical and
chemical properties. The results of various tests are as follows (Tables 1, 2 and 3).

Mortar specimens of cement: sand ratio as 1:3 were prepared for determining
compressive strength, sorption, porosity and carbonation depth. The w/c ratio was
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Table 1 Specific gravity of
various materials

Material Sp. Gravity

Clinker 3.17

Sand 2.61

Limestone calcined clay 2.78

Table 2 Lime reactivity of
limestone calcined clay

Material Compressive strength (MPa)

Limestone calcined clay 11.59

Table 3 Particle size
distribution of materials

Material D10 (µm) D50 (µm) D90 (µm)

OPC 4.58 18.2 48.6

LC2 3.42 20.6 84.3

taken as 0.45 for all the mortar specimens. To perform reserve alkalinity and ther-
mogravimetric analysis, paste samples were prepared. Paste samples were crushed
and powdered to carry out TGA and titration.

To determine compressive strength, 7.07 * 7.07 * 7.07 cm3 cubical mortar speci-
mens were prepared whereas to perform sorptivity and boiling water test, cylindrical
samples with 100 mm dia and 50 mm thickness were prepared. All the samples were
cured in potable water for 28 days at 27 °C in the curing tank.

2.2 Environmental Conditions

Two types of environmental conditions were created to simulate non-carbonation
condition and accelerated carbonation condition. For creating no carbonation condi-
tion, the samples were kept in three layers of zip-lock plastic packets so as stop the
ingress of carbon dioxide into the specimens.

For creating accelerated carbonation condition, the specimens were kept inside a
carbonation chamber with 3% CO2 concentration, 27 °C and 65% relative humidity
for 90 days. The specimens were kept fairly apart from each other so that carbonation
can occur uniformly.

2.3 Experiments

Conditioning. All the mortar specimens were kept for 90 days under respective
environmental conditions after which they were tested for determining various
properties.
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Compressive strength. Compressive strength test was used to determine the influ-
ence of carbonation on mechanical properties on carbonated and non-carbonated
mortar specimens. The specimens were tested as per the provision of IS 4031—Part
6—1988.

Sorptivity test. Sorptivity test was used to determine the connectivity pores in the
mortar specimens. This test was performed according to codal provisions of ASTM:
C 1585—13. This test was conducted after completion of 90 days of environmental
conditions. The surface was grinded after epoxy coating beacuse during applying
the epoxy, sometimes it gets stick to the plane surface also. This epoxy can block the
pores and the results for porosity can be misleading. Hence we grind the surface to
remove the epoxy coating from plane surfaces. The samples were kept in a tray at
27 °C containing water such that the bottom of specimens is immersed in water up
to a height of 1–3 mm.

Boiling water test. Boiling water test was used to determine the influence of car-
bonation on porosity of the specimens. This test was performed in accordance with
the code ASTM C 642—13. After 90 days of conditioning, the specimens were kept
in oven at 100 ± 5 °C until the decrease in mass of specimen is less than 0.5% on
the consecutive day of oven drying. The mass was noted, and the specimens were
kept in normal water at 27 °C for saturation until the increase in the mass is less than
0.5% on the consecutive day. The mass of specimens was noted, and they were kept
in boiling water for 5 h at 100 °C. After 14 h, the mass of specimens was noted. After
this, the specimens were submerged in water to determine their buoyant weight.

Carbonation depth. Carbonation depth was determined by spraying phenolph-
thalein indicator on freshly split mortar samples. The phenolphthalein indicator
changes its color in presence of hydroxyl ions which indicates the presence of
Ca(OH)2 in case of cement blends. The portion of specimen which remains col-
orless indicates the carbonated region and the portion which turns pink indicates the
uncarbonated region.

Reserve alkalinity. Reserve alkalinity was determined to quantify the amount of
remaining OH− ion in the paste sample. The powdered sample of hydrated paste
sample was prepared by slicing and crushing the paste specimen on a mortar pestle.
Powder was sieved through 150 µm sieve. 1 g of powder was mixed with 100 ml
of water to form the solution. This solution was titrated against 0.1M H2SO4 until
the pink color completely disappears. The solution was stirred continuously using
magnetic stirrer so that the OH− ions from the powder can easily dissolve in the
solution.

Thermogravimetric analysis. Thermogravimetric analysis was carried out to quan-
tify the amount of CaCO3 in the paste after carbonation. In this study, TGA was
carried out on powder sample in the temperature range of 30–1000 °C under a flow
of 30 mL/min of N2 and with a step rate of 20 °C/min. Samples for TGA were
prepared by drying and grinding the disk samples. The disk samples were dried in
isopropanol for 7 days. Isopropanol was changed at the end of 1 h, 1 day and 3 days.
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Fig. 1 Non-carbonated and carbonated specimens after 90 days

They were subsequently stored in a desiccator under vacuum to evaporate the iso-
propanol. The disk samples were ground to a fine powder using a pestle and mortar.
Approximately 40 mg of the powder was used for each TGA analysis.

3 Result and Discussion

3.1 Carbonation Depth

After 90 days of carbonation, the average depth of carbonation was found to be 7mm
in LC3 blend. This depth is very small because of the smaller duration of carbonation.
If the duration of carbonation had been extended to 120 or 150 days, the carbonation
would have been much more (Fig. 1).

3.2 Compressive Strength

The result shows that the compressive strength of mortar gets reduced after car-
bonation. Since the carbonation depth is very small, the difference in compressive
strength is not very significant to drive a concrete conclusion. These results still give
a fair idea that the strength is getting reduced upon carbonation. This may be due
to the fact that more of CSH would have been carbonated and carbonation of CSH
results in reduction of product volume. This reduction in volume results in decrease
in compressive strength (Fig. 2).
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Fig. 2 Test results for
compressive strength
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Fig. 3 Initial and final
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3.3 Test for Sorption

The results show that the rate of sorption is increased upon carbonation. This indicates
that the pore connectivity is improved due to carbonation. Better pore connectivity is
not a good sign from durability perspective as it becomes easier for foreign materials
to ingress into the mortar (Fig. 3).

3.4 Boiling Water Test

The results show that there is no significant difference in the porosity ofmortar. There-
fore, nothing can be concluded regarding the influence of carbonation on porosity.We
must try to increase the duration of carbonation to derive better conclusion (Fig. 4).
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Fig. 4 Results for boiling
water test

17.30

17.35

17.40

17.45

17.50

17.55

17.60

17.65

17.70

Non-Carbonated Carbonated

Porosity % in LC3

LC3

3.5 Thermogravimetric Analysis

The TGA curve shows that the mass drop in the range of 600–800 °C is more in case
of carbonated samples when compared to non-carbonated sample. This indicates
the presence of calcium carbonate which is formed after carbonation of calcium
hydroxide and CSH (Fig. 5; Table 4).

Similarly, we see that the mass drop in the temperature range of 400–500 °C
is more in non-carbonated samples than in carbonated samples. This indicates the
presence of more calcium hydroxide present in the non-carbonated specimens.

Fig. 5 TGA curve for
non-carbonated and
carbonated paste samples
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Table 4 Percentage mass
loss due to decomposition in
TGA

Decomposing material Non-carbonated Carbonated

CaCO3 2.782 7.96

Ca(OH)2 1.839 1.548
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Fig. 6 Reserve alkalinity of
LC3 paste samples
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3.6 Reserve Alkalinity

The result shows that the alkalinity of paste is significantly reduced when subjected
to carbonation. This indicates that the pH of paste dropswhen calcium bearing phases
of hydrated paste are converted to calcium carbonates (Fig. 6).

4 Conclusion

The durability of LC3 is reduced after carbonation. This is because of the better
pore connectivity and low pH in the hydrated paste. These conditions allow more
impurities to enter into the concrete, and the steel reinforcement gets deteriorated at
a faster rate.

The effect of carbonation on compressive strength is not very significant as the
difference in compressive strength of carbonated and non-carbonated specimens is
very small. Further research must be conducted for determining the effect.

The carbonation is a very slow process in natural conditions. Even in accelerated
conditions, the rate was very slow due to which the fractional volume that got carbon-
ated is very small. To derive better conclusions, the duration should be 120–150 days
such that a major fraction of volume gets carbonated.

Therefore, we conclude that the carbonation is a concern for durability in blended
cements. It does not affect the mechanical properties to create a cause of concern.
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Durability of Concrete Containing
Calcined Clays: Comparison of Illite
and Low-Grade Kaolin

Gisela P. Cordoba, Silvina Zito, Alejandra Tironi, Viviana F. Rahhal
and Edgardo F. Irassar

Abstract In this paper, durability parameters (water sorptivity, water penetration,
chloride penetration and natural carbonation) are studied on conventional mixtures
(w/cm = 0.50). Concretes were elaborated with Portland cement (PC) and blended
Portland cements, containing 25% replacement by illitic calcined clay (ICC) and
low-grade kaolinitic calcined clay (KCC). They were characterized by slump, com-
pressive and tensile strengths and bulk porosity. Water sorptivity (ASTM C 1585)
was determined on concretes cured 2, 7 and 28 days; water penetration test (EN
12390) and chloride penetration (ASTM C 1556) were determined on concretes
cured 28 days. Carbonation depth undergoing a good and very good curing was
assessed using a phenolphthalein indicator at 3 and 6 months of natural exposition.
Results show that water sorptivity is reduced when concrete is curing for 2, 7 and
28 days for all concretes. KCC has a significantly lower sorptivity than PCC and
ICC. At 28 days, the water penetration is deeper for ICC and lower for KCC con-
crete. All concretes have similar apparent chloride diffusion coefficients. After six
months, the natural carbonation of all concretes is less than 2 mm, with a slightly
lower performance of ICC and KCC than PCC.

Keywords Calcined clays · Concrete · Durability

1 Introduction

Nowadays calcined clays are one of the most studied materials for their use as
supplementary cementitious material (SCM). Metakaolin (MK) has been the most
studied calcined clay in the last time. Due to its high pozzolanic activity, the inclusion
of MK improves the mechanical properties and durability of concrete [1]. According
to Toledo Filho et al. [2], the incorporation of ceramic brick waste, with a chemical
composition similar to the illitic calcined clay, improves sorptivity and reduces the
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diffusion of chlorides. In addition, the total volume of pores increases, although their
diameter decreases.

The durability of cement-based materials is greatly influenced by the transport
properties, principally by the difficulty of aggressive agents (chlorides, sulfates, etc.)
to penetrate into the concrete. These concrete properties depend strongly on the pore
structure of the material, and the design of durable concrete requires the reduction
of the porosity and permeability [3].

The penetration of aggressive ions by diffusion and capillary absorption is also
governed by the same parameters that the porosity and permeability of concrete
(the water–binder ratio, the cement content and the curing time). Chloride diffusion
depends strongly on the open porosity and pore tortuosity of the cement paste. A
decrease in the former and an increase in the latter tend to reduce the diffusion
coefficient [3].

The carbonation of concrete is usually slowed down by the reaction of CO2 with
CH. It means that SCM that consumes the CH could lead to an increase in the
carbonation depth, especially if the permeability of the concrete is not reduced by the
pozzolanic reaction [4]. For example, MK reacts rapidly with the calcium hydroxide
(CH) releasedby cement hydration and also accelerates the cement hydration, causing
the reduction of the average pore size and the increase of volume of smaller pores [1].

After 28 days, mortars containing ground calcined brick clay (GCBC) showed
an increase in the pore size refinement and the strength gain, and after one year,
both the compressive strength and the fineness of the pore structure were greater
than that of the control even though the total pore volume remains above that of the
control. These results were attributed to the pozzolanic reaction of the GCBC and
their products blocking and segmenting the capillary pore of the cement paste [5].

In this paper, durability parameters (water sorptivity, water penetration, chloride
penetration and natural carbonation) are studied on conventional concrete mixtures
(w/cm = 0.50) using an ordinary Portland cement and blended cements with 25%
of kaolinitic and illitic calcined clays as cement replacement.

2 Materials and Methods

2.1 Materials

Concretes were elaborated with Portland cement (PC) and blended cements contain-
ing 25% replacement by low-grade kaolinitic calcined clay (KCC) or illitic calcined
clay (ICC). Cementitious content was 350 kg/m3, and the w/cm ratio was 0.50.

Silica natural sandwas used as fine aggregate, with a finenessmodulus of 2.35 and
a relative density of 2.67. Granitic crushed stone was used as coarse aggregate, with
a maximum size of 16 mm, relative density of 2.70 and a weight per unit of loose
and compacted volume of 1430 and 1560 kg/m3, respectively. The granulometric
curves of the aggregates were composed with fractions of commercial aggregates to
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Table 1 Concrete mixture proportion and workability properties

Concrete Materials (kg/m3) Slump
(cm)

Flow (%)

Cement Water Crushed
stone

Natural
silica sand

SP (#)

PC 350 175 1050 807 0.06 7.0 1.73

ICC 350 175 1050 788 0.12 9.7 2.50

KCC 350 175 1050 805 0.36 9.0 2.13

(#) % by cement mass

accomplish theA andB curves for total aggregates established inDIN 1045 standard,
which corresponds to a fine aggregate/total aggregate ratio of 0.43.

A polycarboxylate-based superplasticizer admixture (SP)with a 40%active ingre-
dient proportion (BASF, Germany) was used. The SP dose was adjusted to obtain a
plastic consistency of the concrete (K2 or E2 consistency of EN206). The density
difference of blended cements was offset by slightly modifying the sand content.

Concrete mixture proportions, slump (ASTM C 143) and flow (DIN 1048, EN
12350-5) are reported in Table 1.

2.2 Methods

Concretes were characterized by compressive and tensile strengths and permeable
pore volume. Tests were carried out according to procedure described by ASTM C
39, ASTM C 496 and ASTM C 642 standard, respectively. Compressive and tensile
strengths were determined on cylinders of 100 mm diameter and 200 mm in height.
Bulk porosity was determined on cylinders of 100mmdiameter and 50mm in height.
Specimens for concrete characterization were cured 28 days in water.

The water capillary absorption (sorptivity) was determined according to Argen-
tine standard IRAM1871 on cylinders of 100mmdiameter and 50mm in height. The
specimens were water-curing for 2, 7 and 28 days. For the sorptivity rate determina-
tion, the specimenswere dried at 50 °C up to aweight variation less than 0.1% and the
lateral face was waterproofed. Then the underside of the specimen was submerged in
water 3 mm in depth. At regular time, specimens were weighted to register the water
suction. The sorptivity rate was determined as the straight line that best fits the water
absorbed per unit area as a function of the square root of the time corresponding
to the water absorbed between 10 and 80% of the sorptivity capacity (IRAM 1871
standard).

According to Villagrán, Alderete and De Belie [6], the straight line does not
present a good fit when considering the square root of time. Therefore, a variation is
introduced, considering the capillary absorption rate determined as the straight line
that best fits the water absorbed per unit area as a function of the fourth root of the
time (t0.25). Hence, this procedure is used in this paper to achieve better adjustments
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(adjustment higher than 0.98 is obtained, being lower for the most impermeable
concretes).

Water penetration test was carried out according to EN 12390. It was determined
on the mold side of 150 mm cubes curing 28 days in water.

Chloride penetration and profile were determined according to ASTM C 1556.
Chloride diffusion was determined on cylinders of 100 mm diameter and 50 mm in
height at 28 days of curing.

Carbonation was determined after three and six months of natural exposition in
a rural area with a CO2 concentration ranging from 350 to 400 ppm on prismatic
specimens, 100 mm high and 70 mm side. The specimens were subjected to good
and very good curing (7 and 28 days, respectively) and placed on exposing site with
the molding and lateral surfaces of prism exposed to air and rain. Carbonation depth
was assessed on saw sections of prims using solution of phenolphthalein indicator.

3 Results and Discussion

3.1 Concrete Characterization

At 28 days, compressive strengthwas 32.4, 28.6 and 37.4MPa for PC, ICC andKCC,
respectively. The ICC compressive strength is 91% with respect to PC. While the
KCC compressive strength is 15% higher than the corresponding for PC. Concerning
the tensile strength, PC, ICC and KCC reach 3.4, 2.8 and 3.6 MPa, respectively. The
ICC’s tensile strength was 83% of that PC’s strength. The KCC’s tensile strength
surpasses the PC, being about 7% higher. Both compressive and tensile strength
indexes exceed 75%, so the stimulation effect and the pozzolanic reaction generated
by these calcined clays are confirmed.

The volume of permeable pore at 28 days is higher for the concretes ICC and
KCC than PC. It is about 7 and 2% higher than PC for ICC and KCC, respectively.
Previous studies made on similar materials and proportions using MIP show that
ICC and KCC cements have a large porosity at 28 days, in accordance with the pore
volume determined in concrete. Marchetti et al. [7] show that the volume of large
(0.1–10µm) and finer pores (0.01–0.1µm) increased for cement with illitic calcined
clay comparing with PC. On the other hand, Tironi et al. [8] for KCC reported that
the volume of large pores (0.05–10 µm) was reduced and the volume of finer pores
(0.01-0.05 µm) increased at 28 days. For KCC, the filler effect and the pozzolanic
reaction are more significant earlier and the dilution effect can be compensated at
28 days, while more time could be necessary for calcined illitic clay. The increase of
finer pores volume is attributed to the pore size refinement caused by the pozzolanic
reaction of calcined clays. The large porosity of ICC could be attributed to the
increase of volume in larger pores. The presence of calcined clays alters the pore
structure, increasing the total porosity. However, the pore size distribution and their
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connectivity differ with the calcined clay reactivity. For KCC, the pore tortuosity is
higher, and the volume of larger pores is lower than for ICC.

3.2 Sorptivity

Figure 1 shows the results of sorptivity at 2, 7 and 28 days of curing for studied
concretes. For all cases, the sorptivity decreases from 2 to 28 days. The KCC’s
sorptivity is notably lower than PC and ICC. The first sorptivity index of HKC is
67% lower than PC at 2 days, 55% at 7 days and 61% at 28 days. The first sorptivity
index of HIC is 10% lower PC at 2 days, and it is higher than that the PC at 7 and
28 days (28% and 13%, respectively).

Even though KCC has a higher volume of permeable pores than PC, it shows a
notably lower sorptivity rate and the water capillary rise was lesser than 50 mm. The

Fig. 1 Sorptivity test at a 2 days, b 7 days and c 28 days of curing
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Table 2 Water penetration

Concrete

PC KCC ICC

Penetration (mm) Average 19.5 11.1 39.4

Maximum 26.0 15.8 52.6

Minimum 12.0 6.0 26.5

excellent results obtained are attributed to the disconnection of the total porosity due
to the pozzolanic reaction of metakaolinite that appears at early ages reducing the
larger pores.

The Argentine Code (CIRSOC 201) establishes a limit value of 4 g/m2/s0.5 for
concrete to be used in structures with durable requirements. This limit is only appli-
cable if the experimental data are analyzed with t0,5. Villagrán et al. [9] propose a
limit of 127 g/m2/s0.25 as equivalent to the limit established in CIRSOC 201 when
the data are analyzed with t0.25. According to this limit, only KCC cured at 7 and
28 days would satisfy the regulations for concretes exposed to severe environments.

3.3 Water Penetration

The average, maximum and minimum water penetration at 28 days for PC, ICC and
ICC are shown in Table 2. It is observed that ICC presents awater penetration average
100% higher than PC, while for KCC, the water penetration was 43% lower than PC.

Water penetration results agree with the sorptivity results. The ICC porosity at
28 days is still high because the pozzolanic reaction of calcined illite is slow. KCC
presents low larger pore volume due to the pozzolanic activity of MK after 7 days.
Therefore, in spite of the higher porosity that shown KCC, it could appear as discon-
nected allowing to reduce water penetration. For PC and ICC, it would be convenient
to perform the sorptivity and water penetration tests at 90 days to assess the influence
of the later pozzolanic activity of the IC.

3.4 Chloride Diffusion

Figure 2 shows the total chloride (TC) profiles for PC, ICC and KCC curing 28 days
inwater immersed during 35 days inNaCl solution. It is clearly observed that the total
chloride concentration decreases as the distance to the exposed surface increases.

The results for the bulk diffusion tests were also analyzed to obtain the best fit
to calculate the diffusion coefficients using the solution to Fick’s second law. Each
diffusion curve was characterized by its equivalent apparent diffusion coefficient
(Da) and the surface concentration (Cs). The results of Da and Cs are shown in
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Fig. 2 Chloride profile for
HPC, HKC and HIC
concretes

Table 3 Surface
concentration (Cs) and
equivalent apparent diffusion
(Da)

Concrete Cs (mass%) Da (m2/seg)

HPC 0.72 11.2 × 10−12

HIC 0.75 10.9 × 10−12

HKC 0.68 12.9 × 10−12

Table 3. Da has similar order in all concretes in spite of the incorporation of the KCC
and ICC. Calcined clays effectively prevent the penetration of chloride ions into the
concrete mass. Both KCC and ICC improved the pore structure by the filler effect. In
addition, the pozzolanic reaction, resulting in a decrease of Ca(OH)2, leads to more
compact hydration products.

3.5 Natural Carbonation

Figure 3 shows the carbonation depth of PC, KCC and ICC cured 7 and 28 days in
water and then exposed 3 and 6 months to natural carbonation conditions. Reported
carbonation depth is the average depth for the molding face and the two lateral faces
of the specimen. PC concrete with 7 days’ water-curing has the lowest carbonation
depth of reaching to 0.7 and 0.9 mm at 3 and 6 months of exposure. For PC cured
during 28 days, the carbonation depth decreases slightly (0.4 and 0.8 mm at 3 and
6 months, respectively). For concretes containing calcined clays cured 7 days, ICC
has the highest carbonation depth (1.7 mm) at 3 months. KCC and ICC have the
same carbonation depth (1.9 mm) at 6 months. For concretes with 28 days of curing,
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Fig. 3 Carbonation depth
for concretes cured 7 and
28 days, after 3 and 6 months

KCC has the highest carbonation depth at 3 and 6 months of exposure (1.4 and
1.5 mm, respectively). On the other hand, ICC has a carbonation depth of 1.3 at
both exposure ages. Therefore, the presence of calcined clays as SCM decreases
carbonation resistance both for poor and suitable curing. This is due to the fact that
the replacement of cement by calcined clays increases the concrete porosity and
reduced the calcium hydroxide availability, favoring the carbonation process.

It is observed that the carbonation depth for KCC concretes cured 7 days increases
significantly between 3 and 6 months of exposure (70%), while for PC and ICC, the
carbonation depth did not advance significantly (27% and 10%, respectively). For
28 days cured concretes, the most significant increases in carbonation depth between
3 and 6 months occurred for the PC (72%), while KCC and ICC show very little
increases (3%). These results reveal the importance of proper curing for concretes
containing calcined clays as SCM.

Carbonation does not dominate by porosity and pore connectivity, especially not
for MK blended cements. This process also depended on the chemical composition,
i.e., the amount of portlandite [10]. It is confirmed by the fact that although KCC has
very low sorptivity, it has the highest carbonation penetration. It could be attributed to
the low alkaline reserve of KCC caused by the pozzolanic reaction ofMK consuming
large proportion of CH. It allows the ingress of CO2 without calcite forming and
blocking the pore networks. In spite of KCC and ICC have a greater carbonation
depth, these values are still acceptable as they do not exceed 2mmand the carbonation
rate is expected to decrease over time.
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4 Conclusions

In this study, low-grade kaolin (KCC) and illite (ICC) calcined clays were used in
concrete. These calcined clays have different water demand and pozzolanic reactivity
causing a different hydration kinetic of paste that affects the development of porosity
in concretes. Themain conclusions on durable performance of conventional concrete
are as follows:

• The volume of permeable pores at 28 days was higher for concretes with ICC and
KCC than the corresponding to PC. However, the compressive strength of ICC
was lower than that PC, and it was higher for the KCC.

• At early ages, ICC concrete performs worse than PC against capillary absorp-
tion and water penetration. It is attributed to the pozzolanic contribution of ICC
that appears after 28 days. However, the later hydration causes a comparable
performance against carbonation and chloride penetration to the obtained for PC.

• KCC concrete has good performance against capillary absorption and water pene-
tration and the worse performance against carbonation. It is due to the pozzolanic
activity after 7 days that consume large amount of calcium hydroxide, giving a
more compact structure, but with low calcium reserve. Regarding the chloride
penetration, its performance is comparable with the PC concrete.
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Assessment of the Efficacy
of Waterproofing Admixtures Using
Calcined Clay and SCMs

Nitin Narula, Lav Singh and Shashank Bishnoi

Abstract Waterproofing of concrete is important to prevent deterioration of con-
crete due to corrosion and carbonation. Integral waterproofing admixtures give varied
results, in terms of strength of concrete and transport properties, with the change of
cementitious materials. Presently, there is a lack of substantiated data for blended
cement in terms of their efficacywithwaterproofing admixtures especially Limestone
Calcined Clay Cement (LC3), which is a relatively new cement blend. This paper
presents an experimental study on transport properties of mortar with the use of inte-
gral waterproofing admixtures. In this study, mortar mixes were prepared with LC3

using different waterproofing admixtures, and the results have been compared with
OPC and other blended cement as well. The effects on transport properties were
determined by carrying out various tests, including the sorptivity test and boiling
water test. The results were found to be useful in understanding the influence on cap-
illary pores and pore volume due to the action of various waterproofing compounds
in different cement blends.

Keywords Integral waterproofing chemicals · LC3 · Capillarity · Sorptivity

1 Introduction

Concrete is a very durable material, and concrete structures have lasted numerous
centuries without much deterioration. However, the durability issues increase mani-
fold with the introduction of rebar in the concrete which gets deteriorated, primarily
because of the presence of water. The property of concrete which makes it most
susceptible to deterioration is its porosity and permeability. This is because concrete
as a structure is very porous and hence allows water and gases to penetrate in various
forms by various transport processes [1]. The solution lies in the prevention of ingress
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of liquids, to stop ions ingress, and gaseous materials by using certain admixtures
[2].

Integral waterproofing admixtures refer to the compounds which are added to the
concrete raw ingredients at the time of preparation of concrete. These compounds
function within the pores of the concrete and are believed to grow in the pores
structure. This admixture type of waterproofing treatment has an advantage over
surface coating in terms of puncture, tear, or abrasion and hence said to have a
long-lasting effect on the durability of concrete.

Waterproofing could be achieved by using both hydrophobic and hydrophilic
reagents.Hydrophobicmaterialsworkby repelling thewater,while hydrophilicmate-
rial used in waterproofing admixtures works mostly by blocking the transportation
of water by crystallization in the network of pores [3]. Most of the research till date
has been focused on surface protection of concrete, and there is an existing research
gap in integral compounds and their efficacy. Due to these reasons, the study is based
on integral waterproofing agents.

2 Experimental Methods

The transport properties were tested by conducting various experiments like
sorptivity test and boiling water test.
The present study is a comparison of the efficacy of IWAs with four types of cement
blends to include a unary blend OPC, a binary blend of OPC + 30% FA (PPC), a
binary blend of OPC + 50% slag (PSC), and a ternary blend of OPC + 30% CC +
15% LS (LC3). The mix design was prepared by keeping the water content and total
cementitious material (TCM) constant. The water to binder ratio was kept at 0.4 and
binder to sand as 1:3. The admixtures were added as per the recommended dosage,
and water correction was also incorporated in the mix.

2.1 Integral Waterproofing Admixtures

In the present study, three different integral waterproofing admixtures were used.
The details are shown in Table 1.

2.2 Casting, Curing, and Conditioning

The castingwas carried out for four types of cement blends andwith three admixtures
for each blend. For each mix, eight cubes (of 70.6 mm side) and three cylinders
(diameter 100 mm, height 200 mm) were cast. After casting, the moulds were kept
in the conditioning roomandwere de-moulded after 24 h.OPCandLC3 sampleswere
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Table 1 Brief description of integral waterproofing admixtures

Abv. Type and description Dosage

IW1 Hydrophobic pore-blocking ingredient
(HPI) for concrete. It is a colourless, clear
to slightly cloudy viscous liquid

2.0 L per 100 Kgs of cementitious binder

IW2 Integral crystalline waterproofing
admixture in powder form. The active
chemicals in the admixture react with
moisture in the concrete resulting in
crystalline formation within the pores and
capillary tracts of concrete

Dosage of 1% by weight of the
cementitious binder

IW3 Integral crystalline waterproofing
admixture of a different industrial brand

Dosage of 1% by weight of the
cementitious binder

cured for 28 days whereas PPC and PSC samples were cured for 56 days. During
curing, the samples were kept in a temperature controlled room with temperature
controlled at 25 ± 2 °C.
After curing, the samples were kept in the conditioning chamber for 45 days of
conditioning at 25 ± 2 °C temperature and 65 ± 2% of humidity.

2.3 Sorptivity and Boiling Water Tests

Sorptivity test is used to determine the rate of absorption (sorptivity) of water by
measuring the increase in the mass of specimen due to the water absorbed. The
experiment was conducted as per the procedure mentioned in ASTM C 1585-13.

Boilingwater test is used to determine the density, percent absorption, and percent-
age voids in the hardened mortar or concrete samples. The calculation for obtaining
the volume of permeable voids was done as per ASTM C642-13.

3 Results and Discussions

The results of experiments conducted to analyze various transport properties of
mortar have been discussed in this section.
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Fig. 1 Sorptivity of various admixtures—initial absorption

3.1 Assessment of Capillary Action—Sorptivity Test

It can be inferred from Fig. 1 that there is a substantial drop in sorptivity with the
use of IW1 in all types of cement blends. For OPC, the reduction in initial sorptivity
is 67% and the reduction in secondary sorptivity is 43%.

For LC3 samples, there is a substantial reduction in the initial rate of absorption in
comparison with OPC and PPC as the calcium carbonate supplied through limestone
and the extra alumina provided by calcined clay will further react to form alumina
phases [4]. This alumina phase reacts vigorously in comparison with pozzolanic
cement, and hence, there is densification of microstructure which reduces porosity.
The reduction in LC3 in initial sorption amounts to 50% while the reduction in
secondary sorption is 66%.

3.2 Evaluation of Pore Volume—Boiling Water Test

The results of porosity have also been analyzed with the usage of various admix-
tures. Hydrophobic admixture IW1 has given the maximum reduction in porosity
in comparison with OPC. Porosity in case of OPC was reduced by 50% for IW1,
17% for IW2, and 27% for IW3 as shown in Fig. 2. These results are in confirmation
with sorptivity results obtained for the same admixtures. Both the crystalline admix-
tures have given a reduction in porosity but the maximum reduction is obtained in
hydrophobic admixtures.
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Fig. 2 Results of boiling water test done on various admixtures with different percentage of clinker
replacements

4 Conclusion

LC3 an emerging cement blend showed similar or in some cases better results when
compared with conventional cement blends made with OPC and other pozzolanic
cement in terms of transport properties. Its usage along with the addition of integral
waterproofing admixtures enhances its properties with regard to the durability of
concrete. The study can be summarized with the following conclusions.

• LC3 has substantially less porosity and capillarity as compared to OPC and other
cement blends like PPC and PSC as well.

• PPC blend has a marginal reduction in sorptivity and porosity whereas PSC has a
substantial reduction in the same. The reduction in PSC is almost similar to that
achieved in LC3 blend.

• Use of integral waterproofing admixtures reduces the porosity and sorptivity with
all cement blends commonly used in the construction industry to include OPC,
PPC, PSC, and LC3.

• Hydrophobic admixtures give better results than crystalline admixtures in aspects
of reduction of sorptivity and porosity.
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Corrosion Properties of Self-Compacting
Lightweight Concrete Using Metakaolin

Santosh K. Patro, S. N. Manu and P. Dinakar

Abstract Combining the advantages of both lightweight concrete and self-
compacting concrete in a single entity will be highly beneficial in offshore structures.
Due to the addition of porous lightweight aggregate durability of these structures in
adverse environment will be a matter of great concern. From the earlier studies, it
was clear that the inclusion of metakaolin in normal aggregate concrete exhibits
superior durable performance. The present study evaluates the effect of metakaolin
in the corrosion performance of the high strength self-compacting lightweight aggre-
gate concrete. The corrosion properties were accessed using various experimental
techniques such as rapid chloride penetration test, surface resistivity, alkalinity and
corrosion rate. All the concretes were developed with binder content 550 kg/m3 and
water-binder ratio maintained as 0.28. Themetakaolin replacement percentages have
been varied as 7.5, 10, 12.5 and 15%. The results indicate that all the durable param-
eters of concretes have been improved due to the inclusion of metakaolin. Also pH
level of all the concretes is well above the threshold value. This evidence justifies that
metakaolin is potential material for the development of high performance lightweight
self-compacting concrete.

Keywords LWA · SCC · HPC ·Metakaolin

1 Introduction

Structural lightweight concrete has been used in several structural applications for
thousands of years and now its use is rapidly increasing due to its economic and tech-
nical potentials [1]. In the early 90s, the development of self-compacting concrete
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(SCC) enabled the execution of concrete structures without the need for vibra-
tion due to its flow ability and self-consolidating capabilities [2]. In recent years,
some efforts have been made to couple the advantages of both lightweight concrete
and self-compacting concrete in one package which is called as self-compacting
lightweight aggregate concrete (SCLWAC). Even though a great deal of investiga-
tions has beenmade till date to study the properties of self-compacting concrete using
variety of lightweight aggregate, characterization and behavior of sintered fly ash
lightweight aggregates for development of high strength self-compacting concrete
are still limited.

The most significant potential advantage of the use of sintered fly ash lightweight
aggregates for SCC is the environmental value [3]. For several decades’ utilization
of fly ash as a cement substitution material has been practiced by many researchers.
Coal-fired thermal power plants generate large quantities of fly ash (FA), but only
a small amount can be used in concrete industry. Utilization of FA in production
of artificial aggregate has attracted the attentions of investigators and practitioners
as an alternative way for larger consumption. Since aggregate is the main occupant
of concrete (about 50–75% of total concrete volume), it may be considered as an
effective solution to use such waste materials as artificial aggregate in concrete. Fly
ash lightweight aggregates when used not only acts as a substitute for natural coarse
aggregates but also helps in the utilization. Also the use of sintered fly ash lightweight
aggregates can be advantaged for the structures due to significant reduction in dead
loads, high thermal insulation and enhanced fire resistance provided that the fresh
mechanical and durability characteristics of SCLWAC are comparable to normal
weight SCC. Inclusion of supplementary cementitious material is one of the ways to
improve the mechanical and durability properties. Apart from the most commonly
used mineral admixtures, such as fly ash, slag and silica fume, metakaolin is not
a by-product. It is mostly manufactured by thermally activating purified kaolinite
clay within a specific temperature range (650–800 °C) [4]. The main objective of
the present study is to investigate experimentally the influence of metakaolin in
the corrosion characteristics of high strength lightweight aggregate self-compacting
concrete.

2 Materials and Methods

2.1 Materials and Mix Design

Ordinary Portland cement (53 grade) confirming to IS: 12269 [5] was used as the pri-
mary binding material, and metakaolin (MK) is used as supplementary cementitious
materials (SCMs). The different size fractions of sintered fly ash aggregates (20,12.5
and 6.3 mm) were taken as coarse aggregates and well-graded natural river sand hav-
ing a maximum size of 4.75 mmwere used as fine aggregates, to attain a well-packed



Corrosion Properties of Self-Compacting Lightweight … 649

Table 1 Mix proportions adopted in the present study

Mix ID TCM
(kg/m3)

Cement
(kg/m3)

FA
(%)

MK
(%)

Coarse aggregate (kg/m3) Sand
(kg/m3)

w/b

20 mm 12.5 mm 6.3 mm

Control 550 412.5 25 0 110 123 259 775 0.36

7.5
MK

550 371.25 25 7.5 111 122 258 772 0.36

10
MK

550 357.5 25 10 110 122 257 771 0.36

12.5
MK

550 343.75 25 12.5 109 122 257 769 0.36

15
MK

550 330 25 15 109 122 256 768 0.36

aggregatematrix. Commercially, available polycarboxylate ether (PCE)-based super-
plasticizer was used in the present study. The mix proportion adopted in the present
investigation has been given in Table 1. The number in the mix designation indi-
cates the percentage replacement of the metakaolin and MK stands for metakaolin.
In the mix design, the SCCs were designed in such a way that the control mix was
designed with binary (Portland Cement+ Fly Ash (FA)) in which a 25% of Portland
cement was replaced with fly ash only, and subsequently four SCC mixtures with
metakaolin (7.5, 10, 12.5 and 15 MK) were designed in which a proportion of Port-
land cement was replaced with varying percentage of metakaolin. The mix design
procedure established earlier by Dinakar and Manu [6] for SCC was used in this
present investigation.

2.2 Experimental Methods

The experimental programwas formulated in such a way that the strength of the con-
cretes was assessed by compressive strength. The corrosion properties were accessed
using various experimental techniques such as rapid chloride penetration test, sur-
face resistivity, alkalinity and corrosion rate. Rapid chloride penetration test was
conducted in accordance with ASTM C 1202 [7]. The alkalinity of the concretes
was determined using the powdered sample. To determine the ionic conductivity of
the concrete, surface resistivity has been conducted using the Wenner four probe
apparatus on a cylindrical sample. To understand the status of the reinforcement
steel embedded within the concrete, corrosion rate was monitored using potentiody-
namic polarization technique. Corrosion currents were determined by electrochem-
ical potentiodynamic polarization technique (Tafel extrapolation) methods. Three
electrodes were used: reinforcing steel as a working electrode, saturated calomel
electrode as standard reference electrode and guard ring as the auxiliary or counter
electrode.
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3 Results and Discussions

3.1 Fresh Properties and Compressive Strength

All of the five concrete mixtures were designed to give a slump flow diameter of
650 ± 10 mm, which was acquired by adjusting the dosage of superplasticizer (SP)
used. Targeted slump flow diameter was attained in all the SCC mixtures. Simi-
larly, the L-Box passing abilities ratios and the V-funnel flow times varied between
0.86–0.82 and 17–25 s as the metakaolin replacements increased from 7.5 to 15%.
Therefore, all the fresh SCC mixtures have confirmed to EFNARC-2005 [8] guide-
lines and can be considered as SCCs. It was observed that the SP demand increased
with increase of MK replacement in SCC. This may be due to the higher surface area
of the binder, thus its higher reactivity than control mix.

The compressive strengths obtained in various age of curing has been depicted
in Fig. 1. As noted from the results, it has been observed that there is a general
trend of increasing strength with age for all the concrete mixtures with and without
addition of MK. For SCC with MK mixes, the highest rate of strength development
over control concrete was observed in 3, 7 days, respectively, and this is because the
pozzolanic reaction starts at very early stages of hydration, and hence the contribution
of MK toward strength is more significant at early ages. This finding is similar to
earlier studies [9]. According to literature, it was suggested that there are three
elementary factors influencing the contribution that MK makes to strength when it
partially replaces cement in concrete. These are the filler effect, the acceleration of
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OPC hydration and the pozzolanic reaction of MK with calcium hydroxide (CH)
[10]. The compressive strength was the highest for the 15 MK mixtures achieving
strength of nearly 60 MPa at 90 days.

3.2 Rapid Chloride Penetration Test (RCPT)

The results of the rapid chloride test of all SCLWACsmeasured after 90 days of curing
are shown in Fig. 2. The results of test are compared in accordance with ASTM 1202
[7] to assess the concrete quality. From the results, it can be seen that all the concrete
specimens showed “very low” chloride permeability. It is well established that the
binary and ternary incorporation of fly ash and metakaolin in SCC results in drastic
reductions in the Coulomb charges. Sintered fly ash lightweight aggregates trans-
ported chloride ions more quickly due to their high open porosity, but in case of high
strength concrete which is rich with cementitious materials and pores are expected to
be discontinuous, will limit the ingress of chloride ions into the concrete. The reason
for “very low” chloride ion penetrability in control mix may be use of fly ash proba-
bly resulted in a denser matrix, by reducing the pore size and thickness of transition
zone between aggregate and surrounding cementitious matrix. The effect of fly ash
on the chloride ion penetration of concretes was also studied by other researchers. It
can be seen that the total charge passed for theMK concrete mixes from 7.5 to 15MK
is lower than the control concrete. The results indicate that SCCs having metakaolin
exhibited more resistance toward chloride ion penetration than control concrete. This
can be attributed to three primary actions, which are the filler effect, acceleration of
cement hydration and by means of pozzolanic reaction. A similarly enhancing effect
of MK as a replacement material was also reported earlier by Dinakar et al. [11].
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3.3 Alkalinity

The results of pH values of all SCLWACs measured at 90 days are presented in
Fig. 2. The pH values of MK concretes were measured for various replacement
levels and these ranges between 12.37 and 12.50 at 90 days and these values are
marginally lower than that of control mix, but the reduction is insignificant. Since
the reduction in pH is not significant, it can be inferred that addition of MK up to
15% does not adversely affect the alkalinity of concrete. All the SCCs had pH values
around 12.0, which is above the threshold value of 9.5 mentioned earlier by Hobbs
for de-passivation of steel [12].

3.4 Surface Resistivity

The results of the surface resistivity of investigated concretes and variation of surface
resistivity with age are shown in Fig. 3. All the concrete mixes show an increase in
resistivity as a function of time, owing to themicro-structural changes in the hydrated
paste and the consequent reduction in porosity of the concrete. It can be seen from
the results that the resistivity of self-compacting concretes increases with age may
be due to pore refinement induced by the pozzolanic reaction. The resistivity also
increases with increase in metakaolin. In addition, for all the concretes resistivity
values were more than 20 k�-cm at 90 days which indicates “low corrosion” as per
the assessment criteria suggested by ASHTO TP 95 [13].
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3.5 Corrosion Rate

The corrosion rates calculated based on the Tafel plots for self-compacting concretes
are presented in Fig. 4. From these results, it can be seen that in the control mix
concrete the corrosion rate is in the intermediate range but as the metakolin replace-
ment increased from 7.5 to 15% (7.5–15 MK mixes) the corrosion rate decreases
correspondingly showing negligible corrosion rates. This improved corrosion resis-
tance of SCCs with MK may be attributable to the pore filling effect of metakaolin
during cement hydration reaction. Also the alkalinity near the steel anode perfectly
maintained throughout the time as shown in the previous section.

4 Conclusions

• The strength increase by MK SCC is effective only at the early age in the long
term; the strength increase is only marginal.

• All SCLWACs show chloride ion penetration values less than 1000 coulombs of
total charge passing which assessed them to be “very low.”

• The resistivity increases with age and with increase in percentage of metakaolin
in all lightweight aggregate SCCs. All the concretes were seen to be very good in
terms of the resistivity.

• It was also observed that due to addition of mineral admixtures such as fly ash and
metakaolin the alkalinity of concrete was not significantly affected.
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• The corrosion rates measured from potentiodynamic polarization studies indicate
rate of corrosion varies from “intermediate” to “negligible” in lightweight aggre-
gate SCCs. Also, as the metakaolin replacement increased the corrosion rates
decreased.
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Performance of Blended Cements
with Limestone Filler and Illitic Calcined
Clay Immediately Exposed to Sulfate
Environment

Agustin Rossetti, Tai Ikumi, Ignacio Segura and Edgardo F. Irassar

Abstract Theuseof ternary blended cementswith limestonefiller and calcined clays
can improve the durability of concrete structures exposed to aggressive environments
and extend their service life. In sulfate-rich environments, the effects of supplemen-
tary cementitious materials depend on the replacement level and the progress of
hydration. Low level of limestone filler contributes to the stabilization of AFt due to
formation of monocarboaluminate. However, high replacement increases the effec-
tive w/c ratio and the capillary porosity, favoring the sulfate penetration. The use of
active pozzolans improves sulfate resistance by reducing portlandite content and the
permeability, which minimize ettringite and gypsum formation and sulfate penetra-
tion. It is generally assumed that curing prior to sulfate exposure should be extended
to allow the pozzolanic reaction to progress. It is currently uncertain the effectiveness
of calcined clay in combination with limestone filler when the cement is exposed
immediately to aggressive environments. Typical structures affected by sulfate attack
are commonly built in situ, thus being exposed to the aggressive environment since
casting. This paper analyzes external sulfate attack of blended cements with 30%
replacement by combinations of limestone filler and/or calcined clay exposed to
Na2SO4 solution at two days after casting. For that, expansions, mass variation,
visual appearance and compressive strength are monitored in mortars and pastes
during 6 months. The evolution of microstructure was evaluated with XRD. Despite
the lack of curing prior to sulfate exposure, cement with calcined clay showed an
excellent resistance to external sulfate attack, while limestone cements presented a
worse performance.

A. Rossetti (B)
Comisión de Investigaciones Científicas de la Provincia de Buenos Aires, CICPBA-LEMIT, La
Plata, Argentina

T. Ikumi · I. Segura
Department of Civil and Environmental Engineering, Universitat Politècnica de Catalunya
Barcelona Tech, Jordi Girona 1-3, C1, E-08034 Barcelona, Spain

E. F. Irassar
Facultad de Ingeniería, CIFICEN (UNCPBA-CICPBA-CONICET), B7400JWI Olavarria,
Argentina
e-mail: firassar@fio.unicen.edu.ar

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_73

655

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_73&domain=pdf
mailto:firassar@fio.unicen.edu.ar
https://doi.org/10.1007/978-981-15-2806-4_73


656 A. Rossetti et al.
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1 Introduction

Illite is one of the most abundant clayed minerals of the earth’s crust coming from
the alteration of feldspars and micas of rocks due to the weathering process. Illite
clays develop pozzolanic properties when clays are thermally treated at 950 °C [1]
causing dehydroxylation and collapse of structure to form ametastable or amorphous
aluminosilicate [2]. These pozzolanic properties combined with the large availability
of this mineral place illite calcined clays as a key supplementary material for the
future mineral admixtures used in concrete.

Despite the promising characteristics of calcined clays described, a safe introduc-
tion of these materials in the concrete technology requires the assessment of other
aspects, such as the durability against different aggressive environments. External
sulfate attack (ESA) has been recognized as a complex degradation phenomenon that
may cause severe damage in cement-based materials [3]. High resistance to ESA in
Na2SO4 solutions is normally associated with a segmented pore structure and low
levels of portlandite (CH) and aluminate phases available to limit sulfate ingress
and ettringite formation [4]. Another important issue hardly ever evaluated for ESA
resistance is the early sulfate exposure. In reality, the source of external sulfate ions is
usually found in sulfate-rich soils and underground waters in contact with concrete.
Therefore, ESA is especially significant in underground structures like foundations,
tunnels or waste containers. Due to their large size, these structures are usually built
in situ, hence being exposed to sulfates since casting. However, most studies about
the ESA in laboratory rely on testing of specimens cured several days in limewater
prior to immersion in the aggressive sulfates solution [5].

The aimof this paper is tomake a comparative study of the performance of blended
cements with the addition of filler and illitic calcined clay against sulfate attack with-
out previous curing that commands the standards to evaluations of the sulfate attack
when supplementary materials are used. Three paste and mortar compositions with
different contents of limestone filler and illitic calcined clay were cast to evaluate the
mineralogical changes (X-ray diffraction) and the evolution of physical and mechan-
ical properties (mass variation, visual aspect, expansion and compressive strength)
during ESA.

2 Materials and Methods

Portland cement (CEM I 52.5 R) with high C3A-content (8.2%), limestone filler
composed by high purity calcite (LF) and illitic calcined clay (ICC) were used in
these experiences. Their chemical composition determined by XRF is reported in
Table 1.
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Table 1 Chemical composition and loss on ignition of cement, filler and ICC, %

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O LOI

Cement 60.92 16.58 4.21 1.80 2.16 1.77 0.67 0.28 2.05

Filler 59.53 <0.01 1.10 0.52 0.48 0.06 0.060 <0.01 39.98

ICC 0.33 66.30 16.28 9.23 1.46 <0.01 5.60 0.08 0.58

The illitic clay from quarry near to Olavarría city (Province of Buenos Aires,
Argentine)was calcined in oven at 950 °Candground in laboratory ballmill until 90%
of particles were less than 45 μm. XRD analysis reveals that the clay is completely
dehydroxylated and the formation of hematite, while the quartz remains as the main
impurity. The illitic calcined clay (ICC) meets the chemical requirements for Class
N pozzolan (ASTM C 618): S + A + F > 70%; SO3 < 4% and LOI < 10%. For
this ICC, the Frattini test was positive after 14 days also strength test was made in
another paper [1].

Physical characteristic of the materials, density (ASTM C 188), retained on 75
and 45 μm sieves (ASTM D 422 and C 618), Blaine specific surface (ASTM C 204)
and the particle size distribution (PSD) determined using the laser granulometer
(Malvern Mastersizer 2000) are reported in Table 2. The particle size distribution by
volume of materials is shown in Fig. 1.

For this study, the SCM replacement in all binders was set to 30% by cement
weight. By this way, all compositions present the same initial C3A content and thus,
the different behaviors observed can be solely attributed to the effects of the SCMs
introduced. Three different blended cements were prepared: a binary filler cement
(70% CEM+ 30% LF), a binary calcined clay cement (70% CEM+ 30% Calcined
clay) and a ternary blended cement (70% CEM + 15% Calcined clay + 15% LF).
The nomenclature adopted is C30F, C30CC and C15F15CC, respectively.

Pastes were prepared using water to binder ratio of 0.485 (as prescribed by ASTM
C1012) and mixed using high-speed mixer, and remixed every 30 min during six
hours to prevent bleeding and segregation. Eighteen cubes of 20 mm-edge were
cast for each blended cement and cured in moist cabinet. After 24 h, cubes were
demolded and separated into two groups. Twelve cubes were immersed in 50 g/l
Na2SO4 solution and the remaining cubes in water at 20 °C.

Table 2 Physical characteristic of cement, cements and filler

Property/material Cement Filler ICC

Density 3.10 2.70 2.63

Particle size distribution Dv10 (μm) 1.8 1.7 1.6

Dv50 (μm) 20.1 6.6 8.8

Dv90 (μm) 65.1 72.2 33.7

Specific surface area BET (m2/g) 1.10 3.74

Blaine (m2/kg) 522
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Fig. 1 Particle size
distribution of materials

At 7, 14, 28, 56, 96 and 204 days, the change of mass and the visual appearance
was evaluated. The sulfate solution andwater were replaced after each determination.
Changes in phase composition were examined using X-ray diffraction (XRD) at 28
and 204 days. Surface and core samples of the same size were cut from the paste
cubes, dried by solvent exchange with acetone, crushed and the powder was pressed
in cylindrical standard sample holders of 16 mm diameter and 2.5 mm height. XRD
measurements were made using a PANalytical X’Pert PRO MPD Alpha θ/2θ.

The evaluation of expansions during sulfate exposure was based on the mortar
bar expansion tests defined by the ASTM C 1012. Mortar specimens of 25 × 25 ×
297 mm elaborated with w/c = 0.485 and cement:graded sand = 1:2.75 were cast.
Before sulfate immersion, the standard proposes a 24 h curing in molds at 38 °C and
further curing after demolding in limewater until the compressive strength reaches
20 MPa. For this experience, the initial curing was made in the molds during 24 h in
a moist cabinet at 20 °C. After one day, the specimens were demolded and immersed
in limewater at 20 °C during 24 h. Finally, the initial length was measured and the
bars were immersed in the 0.352MNa2SO4 solution (50 g/l) at 20 °C. The expansion
was determined at 7, 14, 21, 28, 56, 91, 105, 120 and 180 days and the solution was
renewed after each measurement period. Reported expansions are the average of six
specimens. According to ASTM C 1157, blended cement is sulfate resistant (HS)
when the expansion does not exceed 0.05% at 6 months.

For compressive strength, mortars bars were cast following the procedure
described above and cut with diamond saw in 25 mm-cubes before immersion in the
sulfate solution. Complementary, a set of 12 cubes continues curing in limewater.
These cubes allow comparing change length and compressive strength on the
specimens with the same dimension when they were exposed to sulfate solution.
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Fig. 2 Mass variation rate of paste cured in water (solid line) and in sulfate solution (dashed line):
a C30F; b C30CC and c C15F15CC

3 Results and Discussion

3.1 Mass Variation of Paste

Figure 2 shows the relative mass variation rate for each blended cement immersed
in sulfate solution (dotted line) and in water (solid line) during 6 months. As can
be seen, all pastes presented positive relative mass variations throughout the period
evaluated, which indicates increments of mass during the attack. However, this mass
increment is produced at different rates depending on the binder composition. During
the first 28 days, all specimens follow similar trends, with a gradual decrease onmass
gain over time, regardless of the binder and the exposure condition. This behavior
is associated with the pore filling caused by normal hydration processes, which are
especially relevant here as the samples were immersed only 2 days after casting.

After 28 days, the specimens submerged in non-aggressive conditions maintain
similar mass variation rates until the end of the test, as the main hydration reactions
occur during the first weeks. However, the samples stored in aggressive conditions
show an increase of mass gain from this age, which is more significant in the compo-
sition C30F, followed by the C15F15CC and C30CC. This mass gain observed after
28 days of aggressive curing is associated with the sulfate uptake and the progressive
formation of sulfate attack compounds such as gypsum and ettringite. These results
suggest that the use of calcined clay reduces the amount of sulfate ions penetrating
the matrix and delays the formation of expansive phases.

3.2 Visual Appearance of Paste

Figure 3 shows the evolution of visual appearance of paste cubes immersed in sulfate
solution and some selected photographs at 28, 90 and 180 days. It can be observed
that the integrity of cubes for all blended cements is not compromised during the
first 28 days of sulfate exposure. At 90 days, the composition with 30% of limestone
filler (C30F) presents a remarkable cracking along the edges of the cube, which is
the typical cracking pattern associated with the ESA. The composition C15F15CC
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Fig. 3 Visual appearance of
paste: photographs of cubes
at 28, 90 and 180 days

shows a slight cracking near the corners of the cubes, being its intensity considerably
lower than for C30F. On the other hand, the composition with 30% of calcined clay
(C30CC) presents no signs of damage after 90 days of sulfate exposure. At 180 days,
C30F cubes are completely cracked as the external layers and regions close to the
corners can be easily shelled by hand. The damage in the composition C15F15CC
has progressed after 180 days of exposure and the initial cracks observed at 90 days
are now connected throughout the entire external edges of the cube. On the other
hand, the C30CC cubes only developed very slight and fine cracks along the edges.
These results suggest that the incorporation of calcined clays limits the amount of
cracking developed during the ESA.

3.3 XRD Analysis of Pastes

Figure 4 shows the XRD patterns of surface samples of paste curing in water and in
sulfate solution at 28 days and 6 months.

For C30F, the hydrated compounds identified in water are calcium hydroxide,
monocarboaluminate and a small peak of ettringite at both 28 days and 6 months.
This sample immersed in sulfate solution shows high intensity peaks of ettringite
and the incipient gypsum formation identified by peak at 20.7° 2θ and the doublet
peak at 22.8° 2θ. At six months, the gypsum is the main attack compound and the
calcium hydroxide peaks present a high reduction of intensity.

For C30CC, the compounds of hydrated samples were calcium hydroxide, ettrin-
gite, hemicarboaluminate andmonocarboaluminate. These remain at sixmonthswith
the reduction of intensity of CH-peaks. For paste immersed in sulfate solution, the
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Fig. 4 XRD pattern of specimens cured in water and sulfate solution: a C30F; b C30CC and
c C15FC15CC. (E = ettringite, G = gypsum, P = portlandite, Hc = hemicarboaluminate, Mc =
monocarboaluminate, C = calcite and Q = quartz)

Fig. 5 Expansion of mortars
bars without previous water
curing and exposed to sulfate
solution

AFm peaks disappear and the ettringite peak is more intense reveling the sulfate
attack on the surface. After six months, ettringite appears accompanied by a low
intensity peak of gypsum and a high reduction of CH-peaks.

For the ternary blended cement, the limestone filler promotes the formation of
monocarboaluminate as the only AFm and the calcined clay reduces the CH-peaks
intensity at six months. In sulfate solution, the formation of gypsum is incipient at
28 days and it grows later.
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3.4 Expansion of Mortar

Expansion of mortar bars in sulfate solution is shown in Fig. 5. During the initial
exposure up to 28 days, the expansions of the three blended cements present a similar
rate, being slightly higher for C30F. After 28 days, the C30F expansion rate increases
exponentially reaching the limit of 0.10% at 38 days. At 90 days, the attack has
been so severe that it is no longer possible to measure the length variations in this
composition since the specimens are practically disintegrated.

On the other hand, C30CC mortars show a very slow expansion rate and the limit
of 0.05% is only reached at 252 days, which is after the threshold of 6 months estab-
lished by the ASTM standard to be considered as a sulfate resistant cement. The low
expansion is attributed to the pozzolanic reaction of the calcined clay with the cal-
cium hydroxide released during hydration of cement that generates secondary com-
pounds reducing the calcium hydroxide needed for ettringite formation and specially
blocking the pores to prevent the ingress of sulfates into the matrix. This pozzolanic
reaction progresses after the immersion in the sulfate solution as occurred in water
curing.

For C15F15CCmortar, the expansion is similar to C30CC up to 90 days, but from
this point, the slope increases and exceeds the limit of 0.10% at 161 days, qualifying
this cement as not sulfate resistant. The expansion behavior is in agreement with the
formation of ettringite inC30F,which causes cracking and sulfate penetration. On the
other hand, the C30CCmortar has little expansion due to the low ettringite formation
and less sulfate penetration.The ternaryblended cement has an intermediate behavior.

3.5 Compressive Strength

Figure 6 shows the compressive strength of mortar for blended cements immersed in
sulfate solution (Fig. 6a) and in distilled water (Fig. 6b). For C30CC and C15F15CC,
the compressive strength of mortar cubes cured in water increases from 28 to 90 days
confirming the pozzolanic reaction. On the other hand, C30F shows a slight increase
due to the dilution caused by limestone filler addition.

Compressive strength of the cubes immersed in sulfate solution shows that the
strength of C30F from 7 to 28 days remains constant and then the strength drops
quickly due to the cracking of matrix caused by sulfate attack. At 90 days, this
mortar has practically lost its compressive strength. For C30CC cubes cured in sulfate
solution, the compressive strength increases up to 90 days and their compressive
strength overcomes the strength of cubes stored in water. This shows that curing of
blended cementwith 30% replacement of calcined clay prevents the sulfate attack and
improves the compressive strength. This is an important finding for some applications
of underwater concrete and additionally could be an indication of unnecessary curing
at 38 °C and water curing as prescribed by the ASTM 1012 standard for mortars with
mineral additions. ForC15F15CCcubes cured in the sulfate solution, the compressive
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Fig. 6 Compressive strength of mortar immersed in: a sulfate solution, b water

strength increases continually up to 90 days as occurred for C30CC. At 90 days,
the compressive strength is similar to the strength of samples exposed to the non-
aggressive curing, but the greater dispersion in these measures could be an indication
of the internal deterioration ofmortar due to sulfate attack in agreement with the large
expansion.

4 Conclusions

Preliminary results of this study related to the sulfate attack with limestone filler and
illitic calcined clay exposed immediately to the aggressive environment show that:

Limestone filler addition to Portland cement causes the formation of monocar-
boaluminate, which is unstable in sulfate environment and rapidly forms ettringite
causing cracking andmassive influx of sulfate ions promoting the gypsum formation,
expansion and compressive strength reduction.

The pozzolanic reaction of calcined clay in mortars is similarly developed in
aggressive and non-aggressive curing conditions, consuming the CH and blocking
the sulfate ingress due to pore size refinement. The AFm phases formed during
hydration in water were converted to ettringite when pastes are exposed to sulfate
solution, but the mortar shows no expansion and retains the compressive strength at
6 months.

These experiences show that despite the lack of curing prior to sulfate exposure,
cement with the replacement of 30% of an illitic calcined clay becomes an excellent
resistance to ESA, while limestone cements presented a worse performance.
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Mitigation of Alkali–Silica Reaction
in Limestone Calcined Clay
Cement-Based Mortar

Quang Dieu Nguyen, Mohammad Khan, Arnaud Castel and Taehwan Kim

Abstract This work aims to assess the potential of limestone calcined clay cement
(LC3) in mitigating alkali–silica reaction (ASR). Two General Purpose (GP) cement
substitution rates using calcined clay and limestone were tested: 20 and 30% with a
ratio 2:1 bymass of calcined clay and limestone. Silica ions dissolution of rhyodacite
rock used as reactive aggregate, expansion of mortar specimens using the accelerated
mortar bar test (AMBT) and the initial chemical composition of themortars pore solu-
tion were investigated. The combination of calcined clay and limestone significantly
reduced the expansion of mortar bars compared to reference mortar using 100% GP
cement. The reduction in mortar bar expansion correlates well with the reduction in
alkalis ions concentration and pH of the pore solution of LC3 mortars compared to
reference mortar. 30% OPC substituted by calcined clay and limestone seems to be
able to mitigate the risk of ASR in concrete using alkali-reactive aggregate.

Keywords Alkali-aggregate reaction · Calcined clay · Limestone · AMBT

1 Introduction

The use of supplementary cementitious materials (SCMs) to partially replace Ordi-
nary Portland Cement (OPC) in concrete has been a rational approach over the
last decades to limit CO2 emission. Among the promising SCMs, calcined clays
have received a considerable attention nowadays due to its global availability. Cal-
cined clay is essentially composed of silica and alumina (more than 90%) and has
a SiO2/Al2O3 ratio between 1.5 and 2.5, depending on the purity of raw materials
used in the production [1]. Calcined clay provides fine pore networks and is able
to increase packing of cementitious particles due to its pozzolanic nature [2, 3].

Q. D. Nguyen ·M. Khan · T. Kim
Centre for Infrastructure Engineering and Safety, School of Civil and Environmental Engineering,
The University of New South Wales, Sydney, NSW 2052, Australia

A. Castel (B)
School of Civil and Environmental Engineering, University of Technology Sydney, PO Box 123,
Broadway, Sydney, NSW 2007, Australia
e-mail: a.castel@unsw.edu.au

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_74

665

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_74&domain=pdf
mailto:a.castel@unsw.edu.au
https://doi.org/10.1007/978-981-15-2806-4_74


666 Q. D. Nguyen et al.

OPC blend with calcined clay and limestone is referred to as limestone calcined clay
cement (LC3) [4]. It has been reported that the synergic between calcined clay and
limestone can lead to an improvement of the mechanical performance of LC3-based
concrete [5]. LC3 blends present an extremely promising option to the increasing
demand for cement in coming decades without increasing CO2 emissions and costs
[4]. Thiswork aims to assess the potential benefit in using calcined clay and limestone
as SCMs to mitigate the risk of alkali–silica reaction (ASR). Silica ions dissolution
of rhyodacite rock used as reactive aggregate, expansion of mortar specimens using
the accelerated mortar bar test (AMBT) and the initial chemical composition of the
mortars pore solution were investigated.

2 Materials and Mix Design

Binder is the ternary combination of General Purpose (GP) cement, flash calcined
clay and limestone. With the aim of accelerating the utilization of LC3 concrete in
the current industry, flash calcined clay and limestone are sourced from large-scale
production, replacing directly GP cement in binder without any gypsum optimiza-
tion. Limestone identified as Stone Dust from Boral Construction Materials Limited
(New South Wales, Australia) and flash calcined clay is provided by Argeco (Fumel,
France). The chemical composition, mineralogical composition and physical prop-
erties such as particle size distributions of all binder components were reported in a
previous paper of the authors [5]. Quartz and calcite observed fromX-ray diffraction
(XRD) were identified as the only crystalline phases in calcined clay and limestone,
respectively. The flash calcined clay is categorized as low-graded calcined clay due
to its low amorphous phase content of 50.9%. The reactive coarse aggregate used
is rhyodacite rock supplied from Culcairn, New South Wales, Australia. The rhyo-
dacite rock was crushed to obtain the required gradation in Australia Standard AS
1141.60.1 for accelerated mortar bar test (AMBT) [6].

Three mix designs of mortars have been considered to evaluate the effect of
calcined clay and limestone on alkali–silica reaction. 20 and 30% of the mass of GP
were substituted by a combination of calcined clay and limestone with the ratio 2:1
by mass, which are defined as LC3-20 and LC3-30 mixtures, respectively. The third
mix is the reference mix labelled OPC with binder being 100% GP cement. The mix
designs complying with Australia Standard AS 1141.60.1 [6] for testing potential
alkali–silica reactivity are given in Table 1. Cylinder paste specimens with 50 mm of
diameter and 100 mm of height were prepared using the same mix design (without
aggregate) and same curing condition as for the mortars to analyse the pore solution
in paste and to determine hydration phases using X-ray diffraction (XRD).
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Table 1 Mortar’s mix
designs

Materials (kg/m3) Concrete

OPC LC3-20 LC3-30

Aggregate 1346.4 1346.4 1346.4

Total binder 598.4 598.4 598.4

OPC 598.4 478.7 418.9

Calcined clay 0 79.8 119.7

Limestone 0 39.9 59.8

Water/binder ratio 0.47 0.47 0.47

Water 281.2 281.2 281.2

3 Experimental Programme

3.1 Compressive Strength

The compressive strength of mortars was measured at 1, 7, 14, 21 and 28 days by
using 50 mm cubes in accordance with Australian Standard AS 1012.9.

3.2 Accelerated Mortar Bar Test

Accelerated mortar bar test method based on AS1141.60.1 [6], similar to ASTM
C1260 [7], was employed to monitor the alkali-aggregate reaction of rhyodacite
rock in LC3-based system. At least four mortar bar specimens were fabricated for
each mix design. After demoulding, the specimens were immersed into 80 °C water
for 24 h and then the zero reading of each specimen was recorded. Thereafter, the
mortar bars were placed on a container with 1 mol/L sodium hydroxide and stored
at 80 °C. The ratio volume of solution to specimens was 4:1. The length change in
the specimens was measured at 1, 3, 7, 10, 14 and 21 days and then weekly using
the comparator.

3.3 Pore Solution Composition and pH

The pore solution analysis was performed to determine the effect of LC3 on the
pore solution chemistry. To focus on the effect of LC3 on the paste system, the
paste samples were prepared with similar binder composition as the mortars. A well-
established method published by Barney Back and Diamond [8] was employed to
extract the porewater from the cylindrical specimens. Subsequently, the pore solution



668 Q. D. Nguyen et al.

Fig. 1 Compressive strengths of mortars

composition and its concentration were measured by ICP-OES analysis. In addition,
a calibrated pH probe was used to directly measure the pH of pore solution.

4 Experimental Results

4.1 Compressive Strength

The development of the compressive strength versus time of all mortars is given
in Fig. 1. All mortars presented similar compressive strength up to 7 days. The
compressive strength of the LC3 mortars declined only marginally in comparison
with reference LC3-0 mortar from 14 to 28 days.

4.2 Accelerated Mortar Bar Test

Figure 2 presents the average expansion of all mortar bars up to 100 days. With-
out calcined clay and limestone in binder, the expansion rate of LC3-0 reference
mortar was 0.22% and 0.4% at 10 days and 21 days, respectively, which classifies
rhyodacite rock as reactive aggregate as stipulated in AS1141.60.1 [6]. The length
expansions of mortar bars significantly decreased with the increase in calcined clay
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Fig. 2 ASR expansion of mortar bars

and limestone contents in both binders (LC3-20 and LC3-30). After 100 days of
immersion in sodium hydroxide 1 M at 80 °C, the reduction in length expansion of
mortar bars containing 20% and 30% combination of calcined clay and limestone
was approximately 33% and 56% in comparison with reference mortar bars (LC3-0),
respectively. Noticeably, both 10-day and 21-day expansions of LC3-30 mortar bars
were less than 10-day and 21-day limits of AS1141.60.1 [6]. Blending OPC with
30% (or more) calcined clay and limestone seems to be effective to mitigate the risk
of alkali–silica reaction when using reactive aggregate.

4.3 Pore Solution Composition and PH

The pH and the pore solution composition of all pastes tested at 28 days are given in
Table 2. The pH of LC3 pastes decreases consistently with the increase in calcined
clay and limestone content. Flash calcined clay and limestone are poor in alkalis,
which leads to a reduction in alkali concentrations in pore solution. A decrease in
sulphate ionwas observed due to the decrease in GP cement content in themix design
as sulphate ions are dominantly derived from the gypsum in GP cement.

Figure 3 presents the initial pH of the paste versus the 21 days expansion mea-
sured using the standard AMBT. It is acknowledged that the initial pore solution
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Table 2 pH and chemical composition (mg/l) of pore solution of pastes at 28 days

LC3 Pastes pH Ca Na Mg K Al Si S

LC3-0 13.35 76.5 1831 0 6929 1.26 3.06 209

LC3-20 13.15 139 1039 0 3937 1.53 4.69 73.2

LC3-30 12.89 259 1799 0.02 2955 0.78 1.9 83.3

Fig. 3 Correlation between initial pH of pore solution and expansion of mortar bars at 21 days

composition and pH of mortar bars are greatly affected by the exposure condition
in the AMBT (i.e. 1 mol/L sodium hydroxide solution at 80 °C). However, a clear
correlation appears between the initial pore solution pH and the 21 days expansion
of the mortar bars showing that mortar bars expansion is drastically decreasing with
the decrease in initial pore solution pH.

Dissolution of rhyodacite aggregate was assessed using four different solutions
of sodium hydroxide: 1 M, 0.03 M, 0.003 M and 0.0003 M, corresponding to four
different pH levels, pH 14, pH 12.5, pH 11.5 and pH 10.5, respectively. 10.5 g of
rhyodacite rock in each set were utilized in this test. All aggregates were washed
thoroughly by distilled water and then dried in the oven at 100 °C for over 24 h-
period in order to eliminate all impurity and unexpected particles on the surface of
test aggregates. Solutions were prepared using 98% purity from Ajax Finechem was
dissolved to distilled water. Aggregates were submerged in 450ml sodium hydroxide
solution and stored in the controlled room at a fixed temperature of 23 ± 2 °C and
relative humidity of 50% for 21 days. Si dissolution was monitored by sampling
10ml of solution periodically. Si concentrationwasmeasured by using an inductively
coupled plasma-optical emission spectrometry (ICP-OES) in the Mark Wainwright
Analytical Centre at UNSW Sydney. Figure 4 shows the results obtained for the 4
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Fig. 4 Si ion dissolution
from rhyodacite aggregate
exposed to NaOH solution
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pH tested. Figure 4 shows that aggregate dissolution is greatly increasing with the
increase of the pH of the solution particularly from pH 12.5 (which is close to LC3-
30 pore solution pH) and pH 14 which can be assumed close to LC3-0 pH during
the first 48 h after batching (before exposure to AMBT solution). This significant
reduction in aggregate dissolution (an Si ions supply) at early age (before exposure
to AMBT solution) can be a first reason for the lower expansion observed on mortar
bars with LC3 compared to reference OPC mortar bars. Another reason could be
that incorporating calcined clay and limestone cement contributes to the refinement
of the pore structure [5, 9, 10], delaying the diffusion of species from the AMBT
solution into the mortar bars. Microstructural and chemical analysis is in progress at
the UNSW Sydney in order to better understand the mechanisms governing ASR in
LC3-based mortars.

5 Conclusions

The substitution of calcined clay and limestone up to 30% of OPC mass did not
cause a significant reduction in compressive strength of mortars at early age or at
28 days. The accelerated mortar bar test results showed that the ternary combination
of OPC, calcined clay and limestone significantly reduced the expansion of mortar
bars immersed in sodium hydroxide at 80 °C. In plain OPC mortar, the specimens
expanded over the limit of 10-day and 21-day expansion, which indicates that rhyo-
dacite rock is reactive aggregate in traditional cement-based system. The expansion
of mortar bars decreased with increasing replacement of calcined clay and limestone:
21-day expansions were 0.4%, 0.24% and 0.15% for LC3-0, LC3-20 and LC3-30,
respectively. 30% OPC substituted by calcined clay and limestone seems to be able
to mitigate the risk of ASR in concrete using alkali-reactive aggregate.
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Hydration and Durability of Ternary
Binders Based on Metakaolin
and Limestone Filler

Emmanuel Roziere, Gildas Medjigbodo, Laurent Izoret and Ahmed Loukili

Abstract The combination of Portland cement and mineral additions allows reduc-
ing the carbon footprint of cement-based materials and improving their resistance
to several environmental actions. The development of binary binders is limited by
the reactivity of pozzolanic materials at high substitution levels and the availability
of industrial by-products such as slags and fly ash. Thus, it is necessary to develop
new cements from natural raw materials such as clay and limestone and to combine
them to design ternary binders with higher hydraulic activity. The study is focused on
mortar based on binary and ternary binders (Portland cement, metakaolin, limestone
filler) with a maximum substitution level of 45%. Two sets of mortar mixtures with
different water-to-cement ratios were designed. The experimental program includes
the determination of strength, porosity, hydration heat, portlandite content, shrinkage
and natural carbonation. The analysis of data aimed at correlating the evolution of
mechanical properties with hydration degree and reactivity of calcined clays. The
results actually showed that the performances of ternary binders closely depend on
the properties of the three studied metakaolins, especially their production process
and physical properties. For a given substitution level, the studied ternary binders
clearly showed better performances than other mineral additions. The reduction of
water-to-cement ratio resulted in an acceleration of pozzolanic reaction. This allowed
an improvement of short-term strength as well as potential durability.
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1 Introduction

The use of calcined clay and limestone filler now appears as a promising alternative
to plain Portland cement (PC) and industrial by-products. The raw materials are
relatively abundant, and the calcination process mainly consists in de-hydroxylation,
which results in lower CO2 emission than clinker production.

Metakaolin-based binders have been widely studied. The reactive phase of
metakaolin (AS2) consists of aluminatesAl2O3 (A) and silicates SiO2 (S). They allow
the production of C(A)SH [1], which improves the strength and durability of obtained
cement-based materials. The optimum metakaolin (MK) proportion depends on its
properties and mix-design parameters but generally remains lower than 30% [2].

Higher replacement thus lower carbon footprint can be reached by combining
MK or calcined clay with limestone filler [3]. Besides its pozzolanic activity, MK
actually reacts with limestone filler (LF) and portlandite to produce carboaluminates
and stabilize ettringite. However, the CO2 emissions should only be compared at
equivalent durability, and the performances of ternary binders depend on several
parameters, especially the physicochemical properties of raw materials.

The studies on the durability of ternary systems are still relatively scarce. For a
given water-to-binder ratio, a high replacement of Portland cement affects early-age
strength and durability. Reducing the water-to-binder ratio improves both properties
[4] and influences shrinkage [5], but there are still very few references on calcined
clay [6]. The experimental study presented in this paper investigates binary and
ternary binders based on Portland cement (PC), metakaolin, limestone and siliceous
fillers (SFs). The results are analyzed in order to understand the behavior of PC-MK-
LF binders and to identify the relevant parameters allowing to improve their strength
and durability.

2 Materials and Procedures

The results presented here are a part of a comprehensive study [11] described in
Table 1. A Portland cement CEM I 52.5 N (PC) was combined with three different
metakaolins (MKi), two limestone fillers (LF) and two siliceous fillers, at different
PC replacement levels at water-to-cement ratios (W/C0).

The mixtures CXL include L% (in mass) of material X, with X = {MK1; MK2;
MK3; LF; µLF, SF1; SF2}. The mixtures CXMYN include M% of X and N% of
Y, with W = {LF; µLF, SF1; SF2}. The workability was assessed using a 150 mm
high mini-cone. The workability of mixtures including MK2 and MK3 was adjusted
by adding superplasticizer TEMPO11 to reach a slump of 50 mm in order to make
the casting of mortar samples easier. Limestone fillers had a beneficial effect on the
workability of MK-based mixtures due to its lower water demand.
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Table 1 Experimental program

Parameter Mineral addition Metakaolin properties Water-to-binder ratio

Binary binders CMK130
CFC30
CµFC30
CFS130
CFS230

CMK130
CMK230

CMK315
CMK330

Ternary binders CMK130LF15
CMK130µLF15
CMK130SF115
CMK130SF215

CMK130FC15
CMK230FC15

CMK330FC15

Water-to-binder ratio 0.50 0.50 0.42 and 0.50
for each binder

Characterization Compressive strength
Hydration degree
Portlandite content

Porosity
Shinkage
Carbonation

2.1 Materials and Mixtures

The physical and chemical properties of studied materials are given in Table 2.
Metakaolin 1 results from the flash calcination [1] of clay extracted in Fumel,
France. It showed relatively high quartz content, and its reactive material content
(Al2O3(SiO2)2 or AS2) of 53% was deduced from X-ray diffraction. Metakaolins

Table 2 Chemical and physical properties of constituents

PC Metakaolin Limestone filler Siliceous filler

MK1 MK2 MK3 LF µLF SF1 SF2

Chemical composition

SiO2 20.6 68 55 55 0.0005 0.3 99.1 99

Al203 5.3 25 40 39 – – 0.0048 0.0052

CaO 66.3 0.4 0.3 0.6 98.8 99.6 0.0003 0.0003

Physical properties

Density
(g/cm3)

3.12 2.5 2.4 2.2 2.71 2.7 2.65 2.65

Specific
surface
BET (m2/g)

0.34 16 17 19 0.88 2.2 0.29 0.47

Water
demand

0.34 0.56 0.90 1.65 0.31 0.10 0.29 0.52

Pozzolanic
index (mg
Ca(OH)2/g)

– 754 1000 1400 – – – –

d50 (µm) 12 31 15 1.5 8.5 3.7 34 17
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MK2 and MK3 with AS2 of 68% were obtained from the calcination (in rotary and
flash kiln respectively) of kaolinite-rich clay from the Charentes Basin, France [6].
They only contain traces or original kaolinite. Limestone filler LF comes fromOrgon,
France, and microfiller µFC from Arboç, Spain. The mortar mixtures were designed
keeping the volume of 0–2 mm crushed quartzite sand constant (47%). The studied
mixtures were derived from the initial PC composition with constant water-to-binder
ratio.

2.2 Experimental Procedures

Compressive strength. Compression tests were performed on three 40 × 40 × 80
mm3 specimens after 1, 2, 7 and 28 days of water curing. The activity index i is
defined as the ratio of the strength f p of the mortar with the replacement of PC p%
(in mass) to the strength of the plain PC mortar specimens f 0 (Eq. 1).

i = f p
fo

(1)

Hydration. The studiedmaterials are likely to influence the hydration kinetics aswell
as the type of hydration products. This was investigated using isothermal calorimetry
and thermogravimetric analysis (TGA).

Isothermal calorimetry was performed on mortar samples at 20 °C according to
the method described by Lenormand et al. [10]. The technique allows determining
the heat flow q(t) and by integration the cumulated heat release Q(t) (in Joule per
gram of cement). The hydration degree is assumed proportional to this value; thus,
the time evolution of hydration degree α(t) can be estimated through Eq. (2).

α(t) ≈ Q(t)

Qtot
=

∫ t
0q(τ )dτ

Qtot
(2)

Qtot is the long-term value of heat release estimated by the extrapolation of exper-
imental data using the 1/

√
t function. The evolution is almost linear for the lowest

values of 1/
√
t, and the intersection of this linear function with the y-axis gives an

estimation of Qtot.

Durability. The actual durability of cement-based materials depends on many fac-
tors. Three properties have been investigated: water porosity, drying shrinkage and
carbonation. The water porosity has been assessed according to French standard NF
P18-459. Cylindrical mortar samples were saturated with water under vacuum then
dried under constant mass. Total shrinkage and mass loss were measured on 20 × 20
× 160 mm3 mortar prisms stored at 20 °C and 50% relative humidity from the age of
t0 = 1 day. The shrinkage data ε(t) were analyzed using the hyperbolic function (3)
in order to deduce the long-term shrinkage magnitude ε∞ and the shrinkage halftime
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NS . 40 × 40 × 160 mm3 mortar prisms were exposed to natural carbonation in the
laboratory conditions at 0.04% CO2, 20 °C and 50% relative humidity from the age
of 1 day. Carbonated depth was estimated by spraying phenolphthalein indicator at
28 days.

3 Results and Discussion

3.1 Activity Index and Hydration of Binary and Ternary
Binders

The activity indices are plotted as a function of PC replacement (in mass) in Fig. 1.
The binary binders clearly show the difference between metakaolin and fillers. The
four fillers lead to the same values of activity index. The drop in 28-day strength is
actually due to the clinker dilution effect [10]. These materials, especially limestone
filler, accelerate hydration at early age through nucleation effect [11], but this effect
vanishes at 28 days as the degree of hydration of Portland cement becomes closer
to its ultimate value. The higher activity index of MK-based binders indicates its
chemical reactivity.

The relatively high pH and high calcium content provided by Portland cement
foster the hydration of MK, which produces C(A)SH and hydrated aluminate phases
contributing to strength. This corresponds to pozzolanic reactivity resulting from the
progressive activation of the aluminates and silicates from the amorphous fraction of
MK [1]. However, the quantitative results differ from the values reported by Antoni
et al. [2]. Their 30%MKmortars reached 120–130% of 28-day strength of reference
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mortar, whereas they did not exceed 74% here. This discrepancy could mainly come
from the properties of cements and metakaolins. Antoni et al. [2] used a CEM I
42.5 cement and a metakaolin with a significantly higher content of reactive phase.
Avet et al. [3] actually showed a linear increase of compressive strengthwith calcined
kaolinite content. From their results, the strength decreases by 30%when this content
is reduced by 50%. As a consequence, the optimum replacement of Portland cement
strongly depends on metakaolin properties [13].

Figure 1 also allows highlighting the synergistic effect of metakaolin and lime-
stone filler. The CMK120LF10 mixture reached the highest activity index of 0.83 at
30% replacement. The activity index of PC-MK-LF binders did not exceed 0.65 at
45% replacement, but it was significantly higher than PC-MK-SFbinders,which con-
firm the interaction between the three constituents and the beneficial effect of formed
phases on compressive strength. TGA results (not shown here) actually showed a
higher portlandite consumption in PC-MK-LF binders. XRD analyses performed
by Antoni et al. [3] showed the formation of hemi- and monocarboaluminate. Car-
bonate phases are more stable than corresponding sulfates; thus, the addition of
limestone filler favors the stability of ettringite, whereas it would transform into
monosulfoaluminate without calcium carbonate.

Ternary binders are likely to influence the hydration kinetics as well as the hydra-
tion products and their contribution to strength. In order to distinguish both effects,
the activity index has been plotted against hydration degree in Fig. 2. The difference
between the ternary binders with limestone and siliceous fillers increases between
1 and 7 days. The increase of specific surface area provided by microfiller did not
result in significant accelerating of hydration, but the activity index was higher at
early age. This can be attributed to higher initial packing density of cement paste due
to particle size distribution of µLF. This allows optimizing short-term strength this
durability (see Sect. 3.2).
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Table 3 Shrinkage magnitude, hydrous compressibility factor (K) and water porosity

W /C0 CEM I CMK315 CMK330 CMK330LF315

0.50 Ultimate shrinkage (µm/m) 978 833 558 890

K 270 237 140 189

Porosity (%) 22 24.5 25.2 26.6

1-day strength (MPa) 17.4 14.4 8 6.2

28-day carbonated depth
(mm)

2.5 3.0 4.1 5.8

0.42 Ultimate shrinkage (µm/m) 773 572 522 488

K 276 199 – 132

Porosity (%) 19.9 23.0 23.3 25.0

1-day strength (MPa) 23.5 19.5 13.2 9.5

28-day carbonated depth
(mm)

1.7 1.7 2.7 3.4

3.2 Durability-Related Properties

The parameters deduced fromwater porosity and shrinkage tests are given in Table 3.
For a given replacement, the shrinkage magnitude increased with W /C0 ratio. This
trend has already been reported in previous studies. HigherW /C0 actually results in
coarser pores, thus lower capillary tensions according to Kelvin–Laplace equation,
but lower elastic modulus decreases and higher creep strain, thus shrinkage finally
increases.

At both W /C0 ratios, the replacement of cement by the studied materials led to
lower ultimate shrinkage. This could be due to higher capillary tension induced by
the finer pores of plain Portland cement paste. In order to confirm this assumption, the
shrinkage versus mass-loss curves was analyzed. The second stage of this evolution
shows a linear increase that can be characterized by a coefficient K. The PC mortar
actually had higher K values; in other words, a given mass loss induces higher
shrinkage. The hydration of plain Portland cement is actually faster than binary or
ternary binders; thus, the porosity of these mortars was finer when exposed to drying
at 1 day.

The porosity increased withW /C0 ratio, which was attributed by Bredy et al. [14]
to unreacted MK particles. Ambroise et al. [2] reported a decrease of porosity, but
at W /C0 ratios lower than 0.3. This confirms the strong influence of MK properties
and mix-design parameters on the behavior of these materials.

For a given water-to-binder ratio, the carbonated depth increased due to coarser
porosity and lower portlandite content. However, reducing the W /C0 resulted in an
acceleration of hydration [7] at early age, which was beneficial for strength and
carbonation [8].
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4 Conclusion

The study aimed at understanding the behavior of ternary binders based on Portland
cement, metakaolin and limestone filler. The experimental results were promising
in terms of strength and potential durability. Advanced characterization based on
isothermal calorimetry and thermogravimetric analysis allowed correlating the devel-
opment of strength, hydration and durability parameters such as porosity, shrinkage
and carbonation.

The compressive strength of studied mortars confirmed the synergistic effect of
metakaolin and limestone filler used as a substitution of Portland cement. These
ternary binders actually induced higher portlandite consumption during hydration.
The activity index closely depends on metakaolin properties.

Mortars with binary and ternary binders had lower ultimate shrinkage but lower
shrinkage halftime. The analysis of shrinkage versus mass-loss curves showed a
coarser porosity at short-term resulting from the coupling between hydration and
drying, especially for the water-to-binder ratio of 0.50.

For the given water-to-binder ratio, the porosity and carbonated depth increased.
However, for a given replacement, reducing the water-to-binder ratio allowed
mitigating carbonation as well as increasing compressive strength.

Acknowledgements The authors would like to acknowledge ATILH and Ecole Centrale de Nantes
for their financial support and all the providers of raw materials.
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Calcined Clay—Limestone Cements:
Hydration and Mechanical Properties
of Ternary Blends

Guillemette Cardinaud, Emmanuel Rozière, Ahmed Loukili,
Olivier Martinage and Laury Barnes-Davin

Abstract Through the study of binary and ternary blends, the work is focused on
the influence of the substitution of the cement by calcined clay and/or limestone
filler on the mechanical properties. Besides of an ordinary Portland cement, three
binders were analyzed: one binary blend where 30% of the cement is replaced by
calcined clay and two ternary blends—one with 15% of calcined clay and 15% of
limestone filler and the other with 30% of calcined clay and 15% limestone filler.
First, the results show that the substitution rate does not influence the overall degree
of reaction determined with the cumulated heat evolution. Then, we notice that the
behaviors of the 30% substitution blends (binary and ternary) are similar when the
ternary blend with only 55% of Portland cement is clearly different. Finally, the
mechanical properties brought back to substitution rate seem to be enhanced for the
ternary blend with only 55% of Portland cement. This shows that the limestone filler
allows to keep, and even to enhance, the mechanical properties of a binary blend by
increasing the level of substitution.

Keywords Metakaolin · Ternary blend · Supplementary cementitious materials

1 Introduction

Cement substitution by materials such as fly ash [1], blast furnace slag or silica fume
[2] is nowadays widely spread. This replacement allows enhancing the resistivity
of such materials toward aggressive environments while reducing CO2 emissions
related to the production of clinker. However, these substitution materials, most of
the time by-products of other industries, are less and less available. Their decreasing
availability tends to limit their utilization in cementitious matrix, and other solutions
must be found.
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Several studies have shown for decades now that the substitution of cement by cal-
cined clays (and specifically calcined kaolinite) gives interesting results concerning
the mechanical properties [3]. Indeed, calcined kaolinite, called metakaolin, reacts
with the portlandite formed by the hydration reaction between cement andwater. New
hydrates are formed from the reaction between metakaolin and portlandite [4] which
enhance, in some cases, the mechanical properties. Besides, these binary blends
(cement and calcined clay) have been rapidly spread to ternary blends—combina-
tion between cement, calcined clay and limestone filler [5]. Some studies highlight
the fact that limestone filler increases the development of hydration process at an
early age and favors the insertion of aluminates brought by the calcined clay in the
hydration products at longer ages [3].

In this study, we focus on the mechanical properties of hydraulic binders in which
two or three components are combined.We remind that binary blends contain cement
and calcined clay while ternary blends are composed of cement, calcined clay and
limestone filler.

2 Methods and Materials

2.1 Characterization of Materials

The cement used in this study is a Portland cement typeCEMI52,5R.The calcination
temperature of the calcined clay used in the blend is 850 °C. In Table 1, chemical
compositions of the main materials are given.

Table 1 Characteristics of
the materials

Cement (PC) Calcined clay
(MK)

Limestone
filler (LF)

Chemical compositions (wt%)

SiO2 20.1 54.5 4.2

Al2O3 5.5 23.9 1.5

Fe2O3 3.2 7.0 0.8

CaO 62.5 4.5 51.4

LOI 0.9 2.4 40.8

Physical properties

d50 [μm] 11.5 11 6.0
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Table 2 Blend compositions
(in wt%)

Blend Cement Calcined clay Limestone filler

PC 100 – –

CMK30 70 30 –

CMK15LF15 70 15 15

CMK30LF15 55 30 15

2.2 Experimental Procedure

Fabrication mix design

Theproperties of three blended cements andone reference cement are studied through
compressive strength tests and isothermal calorimetry. In the rest of the document,
the reference refers to a 100% CEM I 52,5 R and is called PC. One binary and two
ternary blends are investigated as well. Table 2 gives the compositions of the studied
blends (in wt%).

Compressive strengths were determined following the EN 196-1 standard [6].
The results are translated into the Bolomey activity coefficient calculated in the next
section and defined at Eq. (2).

Isothermal calorimetry tests are performed on cement pastes with a water-to-
cement ratio of 0.5. Heat flow q(t) and cumulated heat Q(t) are recorded for seven
days on a TAM Air 3 channels device. Tests are made on 60 g of powder at 20 °C.
Powder and water are mixed in a glass pot which is then closed and put inside the
chamber. Such tests allow us to determine the degree of reaction, calculated below.

Bolomey activity coefficient

One can link the compressive strength of a mortar to its water-to-cement ratio thanks
to the relation of Bolomey [7]. We have:

f0 = KB

(
C0

E + V
− 0.5

)
(1)

where f 0 is the compressive strength of the reference cement, KB is a coefficient
which depends on the sand (and gravels if any), C0 is the mass of cement in the
reference mortar, E is the mass of water and V is the mass of water occupied by air.

Lawrence and Ringot [8] have adjusted this relation for blends containing mineral
additions in order to characterize their effect in the blend. The compressive strength
of a blend containing p% of the addition A is given by:

fp = KB

(
C + χB × A

E + V
− 0.5

)
(2)

where C represents the quantity of cement in the blend, A is the quantity of the
mineral addition and χB is the Bolomey activity coefficient.
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The value ofχB for each blend is determinedwith the activity index defined by the
ratio between f p and f 0 at different stages of the reaction. The Bolomey coefficient
is needed to qualify the effect of the addition and substitution rate on the mechanical
properties. When χB is 0, the addition has no effect on the blend; when it is 1, we are
in the same case as the reference cement (i.e., to say that the addition allows the blend
to reach the same mechanical properties as the cement taken as a reference). If χB

is negative, the addition impairs performances; if χB is between 0 and 1, the effect
is “normal,” and if it is above 1, the activity of this blend is better than the reference
cement activity (the addition has a positive effect on the mechanical properties of
the blend).

Degree of reaction

The degree of reaction is determined with the help of the cumulated heat measured
over time by isothermal calorimetry. We define the degree of reaction by the ratio
between the heat of hydration and themaximal heat of hydration at an infinite time [9].
If we plot the heat of hydration with respect to the quantity 1/

√
t , we can extrapolate

the curve in 0 (when t tends to∞) and then determine the maximal heat of hydration,
Q∞. The graphical method for the determination of Q∞ is shown in Fig. 1.

The degree of hydration is then calculated by the following Eq. (3) below.

α(t) ≈ ξ(t) = Q(t)

Q∞
= ∫t

0 q(t)dt

Q∞
(3)

Fig. 1 Linear regression method to determine Q∞
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3 Results and Discussion

Normalized heat flow and normalized cumulated heat for all the blends are plotted
below on the Fig. 2. Heat flow and cumulated heat are normalized by the quantity of
cement CEM I 52,5 R contained in the blend (and not the quantity of total binder).

Intensity and position of the first peak of heat flow, as known as silicate reaction
peak, are quite similar for all the mix. Though, we notice the apparition of a second
peak for the heat flow of blends in which the cement is substituted. This peak is
often called the sulfate depletion peak [3, 10]. The shape of this peak depends on
the substitution rate of the cement. Indeed, the second peak is more intense and
occurs earlier for CMK30LF15 than for the other two blended cements CMK30 and
CMK15LF15.

The higher the substitution rate, the higher the normalized cumulated heat. CMK30

and CMK15LF15 have nearly the same shape all along the hydration reaction. How-
ever, cumulated heat increases when the substitution rate is increased from 30 to
45%. Table 3 gives the value of the maximal cumulated heat normalized for every
mix.

Fig. 2 Normalized heat flow and cumulated heat evolution over time

Table 3 Maximal cumulated normalized heat Q∞
PC CMK30 CMK15LF15 CMK30LF15

Q∞ (J/gcem) 414.0 475.6 481.2 522.5
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Fig. 3 Bolomey activity coefficient over hydration

In Fig. 3, here, we represent the evolution of the Bolomey activity coefficient in
over the hydration reaction.

Even though the activity coefficient of all the blended cements is below 1, we still
notice that it is never negative; so, the addition is not detrimental for the blend.

Besides, the behavior observed in Fig. 3 is different for the three blended cements.
Indeed, when the substitution rate of the cement is 30% (both binary and ternary
blends), we observe a change in slope at 7 days, and the evolution of the activity
coefficient changes. However, this change in slope is not observed for the 45%
substitution blend.

For almost every age of test, the Bolomey activity coefficient of CMK30LF15 is
higher than the other two. This result does not demonstrate that the mechanical prop-
erties are enhanced when the substitution rate is higher, but it shows that the activity
of the mineral addition, brought back to the substitution rate, is more efficient in this
case from a mechanical point of view. Limestone filler in the case of CMK30LF15
has a positive effect for a higher substitution rate. Indeed, limestone filler in such
a cementitious matrix with calcined clay can have different ways to interact. The
nucleation effect enhances the formation of hydrates at an early age of the reaction.
A chemical effect can also help to enhance the reaction by creating new hydrates,
called the carboaluminates, and develop the mechanical properties of the blend at
later ages [3].
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4 Conclusion

The addition of limestone filler to binary blends (cement–calcined clay blends)
increases the overall substitution rate while enhancing the contribution of the
supplementary cementitious materials toward the mechanical performances. The
opposite is often noticed because of the dilution effect. Indeed, the blend where 45%
of the cement is replaced shows higher cumulative heat (normalized by the quantity
of cement) and Bolomey activity coefficient than the blend where only 30% of the
cement is substituted. Many hypotheses can explain this phenomenon. In one hand,
thanks to the nucleation effect, limestone filler favors formation of hydrates at the
beginning of the reaction. In the other hand, the presence of limestone allows the for-
mation of new hydrates, called carboaluminates, which are probably responsible for
the enhancement of the properties over time. A precise analysis of the microstructure
(by TGA, XRD and NMR) will help understand and validate these hypotheses.
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Assessment of Sorptivity and Porosity
Characteristics of Self-Compacting
Concrete from Blended Cements Using
Calcined Clay and Fly Ash at Various
Replacement Levels

Harshvardhan, Arun C. Emmanuel and Shashank Bishnoi

Abstract As limestone calcined clay cement (LC3) is on the verge of commercial-
ization around the world, it is becoming more and more important to understand its
durability under various conditions. It has been shown that LC3 is especially useful
to achieve the cohesion required in self-compacting concrete. However, the influence
of the higher paste content in the self-compacting concrete related to a regular work-
ability concrete is not well understood. In this study, self-compacting concrete and
normal vibrated concrete were prepared using fly ash and limestone calcined clay
pozzolan, at various replacement levels of 20, 35 and 50%. The mixes were designed
to have similar strengths, and their sorptivity and porosity weremeasured after curing
for 28 days. The results indicate that self-compacting concrete has better durability
characteristics than normal vibrated concrete made of similar strength grade.

Keywords LC3 · Self-Compacting concrete · Durability · Sorptivity · Porosity

1 Introduction

Self-compacting concrete (SCC) was developed in Japan in 1980s by Prof. Okamura
and his team at University of Tokyo to tide over acute shortage of skilled man-
power that was affecting the durability of concrete structures. The development of
self-compacting concrete has been referred to as “quite revolution” of the concrete
industry with the potential to replace the labour-intensive normal vibrated concrete.
A lot of research work has been carried out on mix design and mechanical properties
of SCC [1, 2]. However, very limited research work has been carried out in the area
of durability of SCC in comparison with normal vibrated concrete [3, 4]. Thus, it is
quite ironical that SCC which came into existence to tide over the “durability cri-
sis” in Japan was criticized for lack of information related to durability by RILEM
technical committee in 2008 [5].

The SCCmix essentially contains a large amount of superplasticizers and powder
materials. Superplasticizers are required to add fluidity to the concrete mix, while
presence of large amount of powder material is required for the stability of the mix.
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The amount of course aggregate and its maximum size is strictly restricted in case
of SCC to avoid any blocking tendency of the concrete. Due to so many constraints
imposed on the mix design and compaction of SCC, there is need to conduct a
comparative study in the area of transport properties of SCC in comparison with
normal vibrated concrete (NVC).

Hence, the main objective of this study is to assess the durability of SCC in
comparison with NVC. For the purpose of the study, eco-friendly materials like fly
ash and calcined clay are used for the preparation of concretes of similar strength
grads, and their transport properties are assessed using boiling water and sorptivity
tests after 28 days of curing.

2 Materials and Methods

In order to satisfy the project objective, SCC and NVC were designed for similar
strength keeping the w/c ratio constant at 0.4. The total water content for SCC and
NVC was fixed at 186 lit/cum and 164 lit/cum. The total cementitious content for
SCC andNVCwas calculated as 463 and 405 kg/m3. The content of superplasticizers
was varied from 0.7 to 1.5% for SCC, considering higher dosage required to obtain
flowability and 0.2–0.3% for NVC. The values of slump flow, V funnel test of SCC
were kept in conformity with EFNARC 2002 [6] guidelines by varying the dosage
of superplasticizer content.

Based on the mix design shown in Tables 1 and 2, the samples for SCC and NVC
were cast. Table 3 indicates the slump flow values for SCC and slump values of NVC
made of different fillers.

Each sample of SCC and NVC was cast in six cubes of 15 cm × 15 cm × 15 cm
and four cylinders 100mmdiameter and 200mmdepth formeasuring transport prop-
erties. Concrete was prepared bymixing in a concrete batch mixer, and amixing time
of 5 and 3minwas kept for SCC andNVC, respectively. A Table Vibrator was used to
provide proper compaction to samples corresponding to NVC mix only, while SCC
mix is not compacted but levelled from the top so as to get a smooth surface finish.

Table 1 Mix Design adopted for Self-Compacting Concrete (SCC)

Mix proportions (kg/m3) Notations Cement blend Sand 10 mm Admix dosage

OPC (100%) O 463 917 866 2.87

OPC (80%) + LC2 (20%) L20 463 909 858 3.79

OPC (65%) + LC2 (35%) L35 463 902 852 4.39

OPC (50%) + LC2 (50%) L50 463 896 846 5.55

OPC (80%) + FA (20%) F20 463 898 847 3.24

OPC (65%) + FA (35%) F35 463 870 803 3.93

OPC (50%) + FA (50%) F50 463 855 789 6.94
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Table 2 Mix Design adopted for Normal Vibrating Concrete (NVC)

Mix proportions (kg/m3) Notations Cement
Blend

Sand 10 mm 20 mm Admix
dosage

OPC (100%) O 405 674 490 736 1.01

OPC (80%) + LC2 (20%) L20 405 669 487 730 1.62

OPC (65%) + LC2 (35%) L35 405 665 484 726 1.82

OPC (50%) + LC2 (50%) L50 405 661 481 721 2.22

OPC (80%) + FA (20%) F20 405 662 482 723 1.01

OPC (65%) + FA (35%) F35 405 653 475 713 1.01

OPC (50%) + FA (50%) F50 405 645 469 703 1.21

Table 3 Basic Fresh Properties and Compressive Strength of Hardened Concrete

Concrete Slump test Slump flow test V funnel test 28 days strength

SCC OPC – 700 10 47.70

SCC 20% FA – 700 8 50.37

SCC 35% FA – 720 12 41.48

SCC 50% FA – 740 14 29.96

SCC 20% LC2 – 600 12 41.11

SCC 35% LC2 – 650 12 41.33

SCC 50% LC2 – 650 13 45.77

NVC OPC 80 – – 47.63

NVC 20% FA 70 – – 44.14

NVC 35% FA 50 – – 38.07

NVC 50% FA 80 – – 27.11

NVC 20% LC2 70 – – 46.66

NVC 35% LC2 75 – – 45.77

NVC 50% LC2 80 – – 41.33

Subsequently, concrete samples are kept in a temperature and humidity-controlled
room with a temperature 25 ± 2° C and humidity of 65%. Samples are demoulded
after 24 h of casting and cured in water saturated with lime. After curing of 7 days
and 28 days, cylindrical samples were cut into discs of 50 ± 2 mm depth with a
diamond saw cutter discarding the top or bottom 20 mm.

2.1 Testing of Transport Properties

The transport of liquid into concrete takes place through the presence of intercon-
nected voids in thematrix, paste-aggregate interface. Depending on the driving force,
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the transportation of liquid into the concrete happens by the mechanism of capillary
sorption, diffusion and permeation. In the current study, a comparison of transport
properties is carried out using the results obtained from sorptivity and boiling water
test.

2.2 Sorptivity Test

This test method measures the absorption of water by hydraulic cement by mea-
suring the increase in weight of the specimen. The resultant absorption of water
is plotted against time. This test gives the susceptibility of an unsaturated concrete
to penetration of water (ASTM C 1585-13). This test provides us with information
regarding the pore structure and interconnectivity amongst the pores which have a
great influence on the penetration resistance of concrete against aggressive ions. This
test is performed over a disc of 100 ± 6 mm and depth 50 ± 3 mm. The discs are
conditioned in a conditioning chamber maintained at a temperature of 50± 2 °C and
relative humidity of 70% for 3 days. The specimen is removed from the chamber,
and the sides of the specimen are sealed using an epoxy coating. After the drying of
epoxy coating, the top surface of the specimen is sealed with a plastic sheet so as
to prevent evaporation or wicking action. Weight and diameter of the specimen are
measured. A supporting device is placed at the bottom of the container in which the
sorptivity test is performed. The container is filled with water such that the level of
water is 1–3 mm above the support device. The sealed specimen is then placed on the
supporting device. The stopwatch is started as soon as the surface of the specimen
comes in contact with water. Mass of the specimen is recorded at intervals specified
in the ASTM code.

The amount of water absorbed is given by the following formula:

I = Mt

a ∗ d
(1)

I absorption.
Mt change in mass of specimen with reference to time t.
a exposed area of the specimen in mm2.
d density of water in g/mm3.

The initial rate of water absorption is slope of the best fit line to I plotted against
square root of time. This slope is obtained by performing the linear regression
analysis. The correlation coefficient obtained should not be less than 0.95 for the
purpose of the experiment.



Assessment of Sorptivity and Porosity Characteristics … 695

2.3 Boiling Water Test

Boiling water test is used to measure the porosity of the concrete. It was conducted
as per the guidelines stipulated in ASTMC642-13. This test is performed over a disc
of 100 ± 6 mm and depth 50 ± 3 mm. The sample to be used for test should be free
from observable cracks, fissures and shattered edges. The specimen is then kept in an
oven at a temperature of 110 ± 5 °C for a period not less than 24 h. Then, the sample
is taken out and allowed to cool to 20–25 °C, and weight is measured. The sample
again kept in the oven for another 24 h, and the mass of the sample is measured. If
the difference between first and second mass is less than 0.5%, then the lesser mass
is oven-dry mass of the sample. In case, the difference is more than 0.5%, then the
sample is again placed in an oven for another 24 h, and the above process is repeated
until the mass difference is less than 0.5%.

Once the oven-dry mass of the sample is calculated, it is immersed in water at
a temperature of 21 °C for not less than 48 h until the two successive values of the
mass of surface dried sample at an interval of 24 h show a variation less than 0.5%.
Here, we obtain the saturated mass after immersion.

After calculation of the saturated mass of the sample, it is placed in a container
with heating facility and boiled for 5 h. It is then allowed to cool by natural heat
loss for not less than 14 h to a temperature of 20–25 °C. The surface moisture is
removed with a cloth and surface dried mass of specimen that is the saturated mass
after boiling is determined.

The specimen obtained after immersion and boiling is further immersed in water
by mode of a wire, and apparent weight of specimen is measured.

The volume of permeable voids is calculated using the following formula:

Porosity(%) = (C − A)

(C − D)
(2)

A Mass of oven-dried sample in air, gm.
B Mass of saturated surface dry sample, gm.
C Mass of saturated surfaces dry sample after boiling, gm.
D Apparent weight of sample in water after immersion and boiling, gm.

3 Results and Discussions

3.1 Sorptivity–Capillary Water Absorption

The results of sorptivity test are shown in Figs. 1 and 2. The results indicate that the
primary sorptivity and secondary sorptivity of SCC are less than NVC at different
filler replacement levels for both fly ash and LC2 after 28 days of curing. Irrespective



696 Harshvardhan et al.

Fig. 1 28 days initial sorptivity of SCC versus NVC a OPC + fly ash and b OPC + LC2

Fig. 2 28 days secondary sorptivity results SCC versus NVC a OPC + fly ash and b OPC + LC2

of having a higher amount of paste content, reason for lower sorptivity values in case
of SCC in comparisonwith correspondingNVCmaybe due to denser ITZ in SCCdue
to use of lesser amount of course aggregates and more amount of fine in comparison
with NVC. Reduced amount of course aggregate and increased fines content make
the ITZ stronger and thereby can be a justification of decrease in sorptivity values
of SCC in comparison with corresponding NVC values. Another factor that may
have had a negative impact on sorptivity values of NVC is the process of vibration
associated with it. Vibration of concrete is an important process to remove the air
voids, but the process of vibration leads to the accumulation of pore fluids around
the aggregate particles which further impacts the transport properties of NVC in a
negative way.

3.2 Boiling Water Test Results

The total volume of permeable voids obtained for SCC and NVC is compared in this
section. Figure 3 represents the porosity values of SCC with corresponding NVC
after 28 days of curing.
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Fig. 3 28 days porosity results SCC versus NVC a OPC + fly ash and b OPC + LC2

In case of samples of SCC and NVC cast with LC2, there is a decrease in overall
porosity with increase in LC2 content, indicating better filling ability and faster
hydration reaction for both SCC and NVC. On comparing individual mix designs
of SCC and NVC, it is observed that the porosity value of SCC is still lower than
correspondingNVC sample values reinforcing the idea behind stronger ITZ structure
of SCC in comparison with NVC.

3.3 Summary

LC2 is fast emerging an eco-friendly alternative to slow-reacting conventional poz-
zolans which based on requirement can lead to high early strength and durability gain
of concrete in contrast to conventional pozzolans like fly ash. The positive effect of
incorporation of LC2 is not only restricted to conventional NVCs but can be extended
to SCC as well.

SCC inherently has a denser microstructure in comparison with corresponding
NVC, and incorporation of LC2 further densified the microstructure of SCC leading
to all-round better performance of SCC in comparison with NVC, incorporated with
fly ash or LC2. Hence, the degree of sorptivity and total volume of permeable voids
reported from SCC tend to be lower than corresponding NVC values.

The results obtained and the analysis of the results have been successful in fulfil-
ment of important research gap that was highlighted in RILEM technical committee
report in 2008 [6] with respect to lack of durability-related studies on use of SCC.

4 Conclusions

The objective of the study was to assess the effect of fines on transport properties of
SCC and to compare the durability of SCC with corresponding NVC designed for
similar strength using different fillers like fly ash and LC2. The conclusion derived
from results and analysis has been summarized as follows:
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• The incorporation of LC2 leads to lower sorptivity values for both SCC and NVC
concrete. However, in case of NVC, due to insufficient compaction, there may
be some mixes where the sorptivity values obtained for LC2 might be more than
usual. However, in case of SCC, the problem pertaining to compaction is absent.
Hence, the SCC samples give results indicating a common trend of sorptivity with
the incorporation of LC2.

• A comparative study on the sorptivity of SCC and NVC showed that for 28 days
cured samples, the sorptivity of SCC tends to be lower than corresponding NVC
samples. This leads us to conclude that the microstructure of SCC is denser in
comparison with NVC. The densified microstructure is result of absence of com-
paction, use of excessive fines, strong ITZ which negates the negative impact of
a higher amount of paste content leading to lower sorptivity values of SCC in
comparison with NVC.

• For samples of SCC and NVC using LC2, the values of porosity obtained for both
SCC andNVC are lower than equivalent samples using fly ash under similar curing
conditions. This leads us to reinforce our conclusion stated in the sorptivity test
that LC2 makes the microstructure of the concrete dense due to faster reaction of
alumina phase and filling ability of clay.

• Comparison of the porosity values of SCC and NVC irrespective of the filler
used shows that the amount of permeable voids in SCC is less than NVC as
problem of accumulation of liquid in pores due to vibration or wall effect due to
course aggregates is reduced as SCC does not require vibration and has less course
aggregate content and higher fines content.
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Utilization of Limestone Powder
and Metakaolin as Mineral Fillers
in High-Performance Self-Compacting
Concrete

Shamsad Ahmad and Saheed Kolawole Adekunle

Abstract In the present work, limestone powder (LSP) and calcined clay
(metakaolin, MK) were used as mineral fillers in two different mixtures of high-
performance self-compacting concrete (SCC). In the first mixture, LSP was used
alone as the mineral filler, whereas in the second one, the mineral filler consisted of
the blend of LSP andMK. For both SCCmixtures, dune sand was used as fine aggre-
gate and crushed limestone particles were used as coarse aggregate. Both SCC mix-
tures were prepared using a total powder content of 500 kg/m3 (400 kg/m3 Portland
cement and 100 kg/m3 mineral filler), a water/powder ratio of 0.3, and a fine/total
aggregate ratio of 0.4. Dosages of superplasticizer and stabilizer were optimized
through trials satisfying the self-compactability requirements. Performance of the
SCC mixtures was evaluated in terms of selected mechanical properties, durability
characteristics, and resistance against reinforcement corrosion that included com-
pressive and splitting tensile strengths,modulus of elasticity, water penetration depth,
rapid chloride permeability, electrical resistivity, and reinforcement corrosion mon-
itoring. Both SCC mixtures achieved 28-day compressive strength (above 60 MPa),
splitting tensile strength (above 5 MPa), and modulus of elasticity (above 40 GPa),
low water permeability, very low chloride permeability, and negligible corrosion
risk, indicating suitability of using LSP andMK as mineral filler for producing high-
performance SCC. The self-compactability andmechanical properties of the mixture
with the blend of LSP and MK were slightly better than the mixture with LSP alone;
however, both mixtures showed the same durability characteristics and resistance
against reinforcement corrosion.

Keywords Limestone powder · Calcined clay · Metakaolin · Self-compacting
concrete · Mechanical properties · Durability characteristics
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1 Introduction

Self-compacting concrete (SCC) basically developed for placing concrete in the
formworks without the need for compaction using external means such as vibration
and rodding. It has ability to flow under its self-weight without segregation or bleed-
ing problems and take the shapes of the formworks without vibration or rodding that
is required especially for concrete placement in structural members having narrow
sections and/or congested reinforcement. The filling ability and segregation resis-
tance of SCC reduce the risk of honeycombing that result in the production of strong
and durable concrete [1].

The ingredients of SCC are very much similar to that for conventional vibrated
concrete (CVC) that include cement, fine and coarse aggregates, water, mineral, and
chemical admixtures. However, as compared to CVC mixtures, SCC mixtures are
produced keeping the quantities of fine aggregate and superplasticizer (SP) higher
besides usingmineral admixture and viscositymodifying admixture (VMA) as essen-
tial ingredients. These compositional changes are made in SCC mixtures to achieve
flow ability, filling ability, and resistance against segregation. The higher dosage of
SP helps in improving the flow ability and filling ability, and the use ofVMAprovides
required cohesion to prevent segregation due to high degree of workability. Higher
amount of fines provides better lubrication for coarse aggregates that enhances the
deformability of the SCC mixture [2]. The ingredients of SCC mixtures should be
properly proportioned to achieve self-compactability that is controlled by three prop-
erties of the fresh SCC mixture, as follows: high deformability, good cohesion (i.e.,
restrained flowability), and a high resistance against segregation [3]. The mechani-
cal properties and durability characteristics of SCC mixture are reported to be better
than that of CVC mixtures [4–12], except for the modulus of elasticity that may be
slightly lower as a result of the lower coarse aggregate content [13, 14]. However,
these problems could be solved by proper mix proportioning and incorporation of
appropriate additives.

Fly ash or silica fume has been commonly used as a mineral filler in producing
the SCC mixtures. In recent years, the usage of limestone powder (LSP) and cal-
cined clay, as alternative supplementary cementitious materials, is being frequently
reported [15, 16]. LSP is produced as a result of crushing the limestone rocks for
obtaining coarse aggregates; it contains the calcium oxide as its main constituent.
WhenLSP is used in concrete as amineral filler, it helps in achieving higherworkabil-
ity, densification of concrete microstructure, early strength, and control on bleeding
[17–20]. When LSP is used in SCC, it enhances the deformability and cohesion
and reduces the porosity of SCC. Due to these advantages of LSP, it is being used
to produce SCC mixtures with technical and economic benefits. Metakaolin (MK),
which is produced through calcination of kaolinitic clays, mainly consists of sil-
ica and alumina with a negligible amount of lime. MK falls under the category of
highly pozzolanic materials that has the filler effect and accelerates the hydration of
OPC and the pozzolanic reaction. While the MK provides immediate filling effect,
its effect on pozzolanic reaction comes within first two weeks. The use of MK in
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concrete or mortar as a strong pozzolanic material results in the improvements in
strength and durability properties of concrete [21–28]. A study conducted byMohsen
and El-maghraby [29] has indicated that the MK produced by calcination of clays
sourced from different parts of Saudi Arabia can be utilized as pozzolanic material
in producing concrete and other construction materials.

In the present work, an attempt was made to explore the possibility of produc-
ing high-performance SCC mixtures using LSP and MK (available in Saudi Ara-
bia) as mineral fillers with an intent to show the utility of local raw materials for
strong, durable, economical, and environment-friendly SCC. Two high-performance
SCC mixtures consisting of LSP and MK were prepared using optimal levels’
water/cementitious material ratio, fine/total aggregate ratio, cementitious materials
content. The dosage of SP andVMAwas optimized satisfying the self-compactability
criteria for both SCCmixtures. The performance of the SCCmixtures was evaluated
in terms of selected mechanical properties, durability characteristics, and resistance
against reinforcement corrosion.

2 Experimental Program

2.1 Materials

Powders. The blend of ordinary Portland cement (OPC) and mineral fillers is termed
here as ‘powder’. The OPC used in the present work was ASTM C 150 Type I. The
LSP used in the present workwas sourced from a quarry involved in producing coarse
aggregate by crushing limestone rocks, located in Abu Hadriyah, Eastern Province
of Saudi Arabia. The clay obtained from Hufoof, Eastern Province of Saudi Arabia,
was calcined to prepare MK. The raw clay was thermally activated in a furnace at
850 °C and then ground with laboratory pulverizer to a fineness of passing #100
(150 µm) sieve. Table 1 shows the chemical compositions and specific gravities of
OPC, LSP, and MK.

Coarse and fine aggregates. Crushed limestone sourced from a local quarry in Abu
Hadriyah, Eastern Province of Saudi Arabia, was used as coarse aggregate. Coarse
aggregate had a maximum aggregate size of 20 mm, specific gravity of 2.60, and
water absorption of 1.4%. Dune sand, available in abundance in Saudi Arabia, was
used as fine aggregate. It had a specific gravity of 2.56, and water absorption was
0.4%. Table 2 shows the particle size distribution of coarse and fine aggregates.

SP, VMA, and water. A new-generation polycarboxylic-based ether hyperplasti-
cizer, commercially available with the trade name (Glenium 51®), was used as
superplasticizer (SP). An aqueous solution of a high-molecular-weight synthetic
copolymer that consists of a water-soluble polymer and commercially available with
the trade name (RheoMATRIX®) was used as the stabilizer/viscosity modifying
admixture (VMA). The technical data of SP and VMA are shown in Table 3.
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Table 1 Chemical compositions and specific gravities of OPC, LSP, and MK

Oxide Weight (%)

OPC LSP MK

CaO 64.35 45.70 0.10

SiO2 22.00 11.79 48.29

Al2O3 5.64 2.17 35.58

Fe2O3 3.80 0.68 0.95

K2O 0.36 0.84 0.88

MgO 2.11 1.80 0.50

Na2O 0.19 1.72 0.87

Loss on ignition 0.70 35.1 12.60

Specific gravity 3.15 2.60 2.00

Table 2 Particle size distributions of coarse and fine aggregates

Size (mm) % passing

Coarse aggregate Fine aggregate

19.0 100 –

12.5 65 –

9.5 30 –

4.75 mm 10 100

2.36 mm – 100

1.18 mm – 100

600 µm – 76

300 µm – 10

150 µm – 4

Table 3 Technical data of SP (Glenium 51®) and VMA (RheoMATRIX®)

Material Appearance Specific gravity @
20 °C

pH @ 20 °C Chloride
content

Alkali
content

SP Brown 1.08 ± 0.02 g/cm3 7.0 ± 1.0 ≤0.1% ≤5.0%

VMA Brown 1.0–1.02 g/cm3 6–9 ≤0.1% –

The normal sweet water available in the laboratory tap was used throughout
the trial mixing and preparation of test specimens for the evaluation of hardened
properties of successful mixtures.
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2.2 Proportioning of the Ingredients of the SCC Mixtures

It can be seen from Table 4 that two SCC mixtures with same powder content
(500 kg/m3 comprising 400 kg/m3 OPC and 100 kg/m3 mineral filler), water/powder
ratio (0.3 by weight), fine/total aggregate ratio (0.5 by weight) but with different
types of mineral fillers were considered. The mixture, M1, contained 100 kg/m3 of
LSP alone as mineral filler, whereas the mixture M2 contained 75 kg/m3 of LSP and
25 kg/m3 of MK as combined mineral filler. The proportioning of the ingredients
of the SCC mixtures was carried out using absolute volume equation based on the
selected mixture parameters and the specific gravities of the ingredients. Weights of
the ingredients, calculated for producing 1 m3 of the SCC mixtures (M1 and M2),
are shown in Table 4.

The dosages of SP and VMA for both SCC mixtures were optimized through
trials based on achieving the self-compactability in terms of slump flow, V-funnel
flow time, U-box, and segregation resistance according to the test procedure and self-
compactability criteria available in the literature [15, 16, 30]. The optimal dosages
of SP and VMA, as shown in Table 4, were selected based on the satisfactory results
of self-compactability tests on both SCC mixtures, as presented in Table 5.

Table 4 Weights of the constituent materials for 1 m3 of the SCC mixtures

Materials Weight (kg) Note

M1 (LSP) M2 (LSP and MK)

Cement 400 400 OPC = 400 kg
Mineral filler(s) = 100 kg
Total powder content = 500 kg
Water/powder ratio = 0.3 by weight

LSP 100 75

MK – 25

w/p ratio 0.3 0.3

Water 165 165

Coarse aggregate 837 829 Particle size distribution, as shown in
Table 2
Fine/total aggregate ratio = 0.50 by
weight

Fine aggregate 837 828

SP 10 16.3 Optimum dosages satisfying
self-compactability:
2% of powder for M1
3.25% of powder for M2

VMA 6.3 5 Optimum dosages satisfying
self-compactability:
1.25% of powder for M1
1% of powder for M2
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Table 5 Self-compactability test results of the SCC mixtures

SCC
mixtures

Flow table
(mm)
minimum
required:
650 mm

V-funnel
time (s)
acceptable
range: 6–12 s

U-box (mm)
acceptable
range:
0–30 mm

Bleeding
(visual)

Segregation
(visual)

M1 (LSP) 680 11 5 None Negligible

M2 (LSP and
MK)

760 9 3 None None

2.3 Test Standards and Test Specimens

Table 6 shows the details of test standards and test specimens used for evaluating the
mechanical properties of the SCC mixtures. The test standards and test specimens,
used for the evaluation of selected durability characteristics and resistance against
reinforcement corrosion, are presented in Table 7. The detailed procedure for each
test in Tables 6 and 7 is widely reported in the literature [15, 16].

The corrosion resistance of SCC specimens was evaluated by exposing them to
5% sodium chloride (NaCl) solution. Reinforced SCC specimens, measuring 75 mm
in diameter and 150mm high, were prepared with a 12-mm-diameter steel bar placed
at the center. A cover of 25mmwas provided at the bottom. The reinforcing steel bars
were coated with cement paste followed by an epoxy coating at the bottom of the bar
and at the concrete–air interface to avoid crevice corrosion. Reinforcement corrosion
was monitored by measuring the corrosion potentials using the saturated calomel

Table 6 Test standards and specimens for mechanical properties of SCC mixtures

Property Test standard Specimen shape and size Test age (days)

Compressive strength ASTM C 39 100 mm cube 3, 7, 14, 28, 90

Splitting tensile strength ASTM C 496 75 × 150 mm cylinder 28

Modulus of elasticity ASTM C 469 75 × 150 mm cylinder 28

Table 7 Test standards and specimens for durability characteristics of SCC mixtures

Characteristic Test standard Specimen shape and
size

Test age

Water permeability DIN 1048 100 mm cube 28 days

Chloride permeability ASTM C 1202 75 × 150 mm cylinder 28 days

Electrical resistivity 2-electrode method 75 × 150 mm cylinder 28 days

Corrosion (potentials
and rate)

LPR Method 12 mm bar centralized
in
75 × 150 mm cylinder

28 days cured, then
exposed to 5% NaCl
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electrode (SCE), according to ASTM C 876, and the corrosion current density by
the linear polarization resistance method.

2.4 Casting and Curing of Specimens

Casting of the specimens of the SCC mixtures was carried without vibrating the
mixtures, unlike the casting of CVCmixtures that involves vibration after each layer
is placed in the molds. The specimens were cured in water for a period of 28 days at
a fairly constant laboratory temperature of 25 °C. After curing, they were used for
testing for the evaluation of theirmechanical properties and durability characteristics.
The specimens for 90-day compressive strength test were left in the curing tanks until
90 days.

3 Results and Discussion

3.1 Mechanical Properties

The plots of the compressive strength data pertaining to both SCCmixtures, as shown
in Fig. 1, indicate a significant increase in the compressive strength with age. The
increase in compressive strength is continued up to the age of 90 days confirming the
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Fig. 1 Variation of compressive strength of SCC mixtures with age
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Table 8 Mechanical
properties of the SCC
mixtures after 28 days of
curing

SCC
mixtures

Compressive
strength
(MPa)

Splitting
tensile
strength
(MPa)

Modulus of
elasticity
(GPa)

M1 (LSP) 64 5.9 40

M2 (LSP and
MK)

67 6.2 42

pozzolanic effects of both LSP and MK. At all ages, the compressive strength of the
mixture M2, having the blend of both LSP and MK as mineral admixture, showed
a higher strength than M1 with LSP alone as mineral filler. Further, it can be seen
from the data presented in Table 8 that the 28-day tensile strength and modulus of
elasticity values of the mixture M2 are also higher than that of the mixture M1. The
reason behind beneficial effect of incorporating MK on the mechanical properties of
the SCC mixture may be attributed to the high pozzolanic action of MK because of
its high silica and alumina contents [24, 26, 31, 32].

The 28-day compressive strength, splitting tensile strength, and modulus of
elasticity of both SCC mixtures (M1 and M2) are comparable with that of the
high-performance CVC mixtures with approximately similar cement content and
water/cement ratios. Kadri et al. [33] reported 28-day compressive strength in the
range of 55–95 MPa for high-performance CVC mixtures prepared using cement
content in the range of 310–550 kg/m3 and water/cement ratio in the range of 0.25–
0.45 (by weight). 28-day splitting tensile strength of 5.25 MPa was reported by
Singla [34] for a high-performance concrete prepared with a cement content of
563 kg/m3 and water/cement ratio of 0.3 (by weight). 28-day modulus of elastic-
ity of a high-performance CVC mixture, with a cement content of 483 kg/m3 and
water/cement ratio of 0.41 (by weight), was found to be 34.8 ± 2.1 GPa by de
Abreu et al. [35]. Therefore, the data presented in Table 8 show that both SCC
mixtures satisfy the mechanical properties of a high-performance concrete. Further,
the mechanical properties of the SCC mixtures, given in Table 8, are in the close
agreement with the empirical equations developed by Awati and Khadiranaikar [36]
for correlating compressive strength with splitting tensile strength and modulus of
elasticity values of high-performance concrete mixtures.

3.2 Durability Characteristics and Resistance Against
Reinforcement Corrosion

The data pertaining to the durability characteristics of the SCCmixtures after 28 days
of curing, as shown in Table 9, indicate that the both mixtures have high degree of
durability. Mixtures M1 and M2, having a water penetration depth of 7 and 12 mm,
respectively, are less than 30 mm that corresponds to a ‘low’ water permeability of
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Table 9 Durability characteristics of the SCC mixtures after 28 days of curing

SCC mixtures Water penetration
depth (mm)

Rapid chloride
permeability (C)

Resistivity (k�-cm)

M1 (LSP) 7 399 34

M2 (LSP and MK) 12 315 43

concrete [37]. The values of rapid chloride permeability of both mixtures as shown
in Table 9 are in the range of 100–1000 C that correspond to a ‘very low’ chloride
permeability [38]. The electrical resistivity of both SCCmixtures, being greater than
20 k�-cm, indicates a ‘low to negligible’ likelihood of reinforcement corrosion [39].

Corrosion potential, Ecorr, and corrosion current density, Icorr, were monitored for
a period of three months by exposing the reinforced concrete specimens to 5% NaCl
solution. Figures 2 and 3 show the variations of Ecorr, and Icorr, respectively, with
exposure duration. The Ecorr values of both SCC mixtures, being far passive than the
threshold value of −270 mV (SCE), as can be observed from Fig. 2, indicate that
the probability of initiation of reinforcement corrosion is very low after an exposure
period of three months. The Icorr values of both SCC mixtures, being far below the
threshold value of Icorr, i.e., 0.3µA/cm2, that can be seen fromFig. 3 also confirm that
both SCCmixtures have a high degree of resistance against reinforcement corrosion.
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4 Conclusions

Based on the experimental data obtained in this study, the following conclusions can
be drawn:

1. Limestone powder alone aswell as the blend of limestone powder andmetakaolin
can be used to produce the mixtures of high-performance self-compacting con-
crete with 28-day compressive strength above 60 MPa, splitting tensile strength
above 5 MPa, and modulus of elasticity above 40 GPa, low water permeability,
very low chloride permeability, and negligible risk of reinforcement corrosion.

2. The self-compactability and mechanical properties of the mixture with the blend
of limestone powder and metakaolin were slightly better than the mixture with
limestone powder alone; however, both mixtures showed the same durability
characteristics and resistance against reinforcement corrosion.

3. The performance of both SCC mixtures was comparable with the high-
performance CVC concrete mixtures produced with similar cement content and
water/cement ratio.
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Experimental Investigation on Strength
and Durability of Concrete with Partial
Replacement of Cement Using Calcined
Clay

Payal Dubey and Nakul Gupta

Abstract Concrete has never been an environmental amiable substance neither for
make nor for its use, or to dispose. Huge amount of water and energy is being used
to get the raw material to make concrete and excavating for sand and other aggre-
gates which cause ecological annihilation and air contamination. Concrete is also an
assertion to be the colossal cause of carbon emission in the earth’s atmosphere. Some
assert that concrete is accountable for up to 5% of the world’s cumulative carbon
secretionwhich contributes greenhouse gases.Mixing of water in cement and cement
production generate a huge amount of CO2 gases realizing in environment seriously
detrimental ozone layer causing high temperature increasing seasonal temperature
variation. This paper is a probe with partial replacement of cement by calcined clay
in concrete collected from two cities. The work deals with compressive strength, split
tensile strength, water absorption. Data therefore presents over a maximum curing
of 28 days. The substitutions proportions used were 4, 8, 12, 16 and 20% by weight
of cement.

Keywords Carbon emission · Pollution · Calcined clay · Split tensile strength ·
Compressive strength

1 Introduction

The flexibility of concrete allows it to take any shape. The primary quality of strength
and durability makes concrete the most favourable material to be used worldwide for
constructions and building works. Concrete is a composition of cement, aggregate
(both coarse and fine), admixtures and water. Over the last two decades, the demand
for cement and concrete has seen an exponential growth throughout the world. The
growth of the population complemented the increased needs for housing and infras-
tructure, and intensive economic activities as a result of emerging economies also
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lead to higher usage of cement [1–3]. The cement industry, after power, is the largest
source of anthropogenic CO2 emissions. This constitutes 5–7% of the worldwide
CO2 emissions taking place as a result of any human activities and causing adverse
effects on earths’ climate [2, 4, 5]. 95% of this carbon dioxide is the by-product of
the cement production process, and 50% of it is released when carbonic acid is being
removed from limestone during cement manufacturing. Surprisingly, cement is the
second most-consumed product after water. The rate of production of normal raw
resources is getting scarce, while globally, millions of masses of inert waste prod-
ucts are dominating the world through mining, industrial activities as well as mineral
processing industrial performances, whose removals are subject to stricter ecologi-
cal legislation [5, 6]. Nonetheless, the majority of the wastes products are analogous
in the constitution to their original raw materials utilized in the production indus-
tries. As a result, the improvement of wastes products to substitute raw resources is
technologically, economically and environmentally interesting. Mineral and mining
processing of wastes has been traditionally abandoned in landfills as well as cast-off
openly into environment without satisfactory treatment. Nonetheless, potential recy-
cling or reuse options ought to be investigated and put into practice. Today, recycling
and reuse of waste product after its potentiality have been noticed and measured as
what could add up to the well-being of the society, add to the reduction of produc-
tion costs, offer a substitute raw material for use in various industrial activities and
preserve community well-being [5, 7]. The rapid urbanization in developing nations
will further push forward this demand for cement, and according to a recent study,
it has been estimated that by 2023, the contribution of global CO2 emissions as a
result of cement production will be around 10–15%. This environmental urgency to
lessen the CO2 secretion during the cement manufacturing method has propelled the
researchers to propose different approaches to cement compositions [8]. A practically
feasible option to reduce the consumption of cement, thereby reducing its environ-
mental effects is to replace it by supplementary cementitious materials (SCMs).
Among different available SCMs like fly ash and slag, calcined clay is considered
to be a more favourable option, mainly due to its wide availability in huge capacity
[7, 9, 10]. Calcined clays are usually mixed with clinker to create Portland cement
that is being used as an alternative for a portion of Portland cement while making
concrete [11]. Calcined clay is a suitable entry for concrete and cement applications,
which can improve many specific characteristics. While calcined clay is processed
and cooled down to the temperature range of 600–800 °C, it reacts properly in the
concrete as partial replacement of the cement [12]. Generally, instead of Portland
cement, 8–20% (according to the weight) is replaced by calcined clay. This type of
concrete reveals engineering-friendly properties [13, 14].

1.1 Objective of Study

• Our main objective was to research the impact of partial replacement of cement
by calcined clay on various levels according to the weight of cement.
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• Initially, the compressive strength, split tensile strength, acid attack and water
absorption of an ordinary grade M25 concrete are observed.

2 Literature Review

Vipat A. R and Kulkarni P. M et al.: This research showcases the outcome of an
inquiry over the use of metakaolin as an added cementitious material for concrete’s
performance improvement. The study consists of three levels of MK replacements
in the concrete—10, 15 and 20%—by weight of Portland cement’s usage. The main
characteristics of concrete are evaluated bymeasuring compressive strength, splitting
tensile strength and bond stress. The results have revealed that, depending on the
replacement levels of metakaolin, its inclusion in concrete remarkably increases the
strength properties of concrete Out of the three levels given above, the maximum
compressive strength is being observed at 15%.The inclusion ofmetakaolin improves
tensile and bond strength.

Priyank Bhimani and Chetna M. Vyas et al.: This paper deals with studying the
impact on partially replacing cement with industrial waste from china clay industries.
Once the procedure is completed,water absorption test and compressive strength tests
were conducted on both original concrete and concrete created by replacing cement
with china clay, and results were recorded. China clay, also known as kaolin is
available in abundance in India and also in various parts of the world. 9 ton of waste
is generated to produce 1 ton of kaolin. The procedure involves replacing kaolin
waste in concrete by 10, 20 and 30%. However, it was observed that the replacement
of OPC by china clay materials provides maximum compressive strength at 10%.
Furthermore, the maximum water absorption achieved when 20% replacement of
cement happens in concrete. People will give the usage of china clay preference as it
provides strength to buildings at an economical price. This will also help in making
the environment green by reducing the problem of waste disposal.

John [15]: States that as per the weight of metakaolin the cement replacement
levels were 5, 10, 15, 20%. The strength development of concrete overshoot by
metakaolin admixed concrete mix. Other mixes are inferior when compared to 15%
mixture of metakaolin. The compressive, split tensile and flexural strength have been
enhanced up to 15% replacement with an increase in metakaolin content. The out-
come emboldens the use of metakaolin as pozzolanic substance for partial cement
replacement in manufacturing high strength concrete. The presence of metakaolin
brings quicker age strength growth of concrete. The usage of add-on cementi-
tious material like metakaolin concrete can pay-off for environment, technical and
ecological issues initiated by cement manufacturing.
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3 Material Study

3.1 Materials

Cement: The cement of 43 grades ordinary Portland cement manufactured by. ACC
Cement Company confirming to IS 8112-1989 is used in this investigation (Table 1).

Aggregates: Aggregate is a vital component of concrete. Coarse aggregates with a
maximum size of 20 mm from a local source. Conforming to IS 383-1970 used in
this research. Fine aggregates locally available river sand passing through 4.75 mm
IS sieve (Table 2).

Calcined Clay: Calcined clay is retrieved from Astro Chemicals, Chennai, and from
Jain Chemicals, Faridabad (Kutch). The calcined clay Chennai has a specific gravity
of 2.31, and calcined clay Kutch has a specific gravity of 2.6 and is used in replacing
the cement. The clay’s colour is super white and off-white. It acts as a Pozzolanic
material. The grinding activity of calcined clay to a finer particle size may also affect
its reactivity. The properties of clay are given as follows (Table 3).

Water: Using fresh portable water, concrete is mixed and cured as it is free from
the concentration of acids and organic matter. Water is an important component
of concrete. It produces chemical reactions with water (hydration) to produce the
desired properties of concrete.

Mix Design: Design of concrete mix adopted in this research was as per guiding
principle in IS-10262-2009. Guide for concrete mix is in proportions. All the speci-
mens were processed using the design mix. M25 grade of concrete was used for the
analysis. Mix proportion of concrete is in kg/m3 (Table 4).

Table 1 Physical properties
of cement

S. No. Physical properties Test result

1 Initial setting time 76 min

2 Final setting time 265 min

3 Consistency 32%

4 Specific gravity 3.12

5 Colour Grey

Table 2 Physical properties
of aggregates

S. No. Specification Coarse
aggregate

Fine aggregate

1 Specific gravity 2.76 2.62

2 Water
absorption

1.60% 1.20%

3 Bulk density 1580 kg/m3 1654 kg/m3

4 Fine modulus 6.61% 3.40%
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Table 3 Properties of
calcined clay Kutch and
Chennai

S. No. Properties CCK CCC

1 Colour Super white Off-white

2 Specific gravity 2.6 2.31

3 Physical form Powder Powder

4 SiO2 47% 45%

5 Al2O3 40% 37.85%

Table 4 Mix proportions of
M25 grade

S. No. Material Quantity (kg/m3)

1 Cement 437.7

2 Fine aggregate 703.4

3 Coarse aggregate 1067.1

4 Water 197

5 Water–cement ratio 0.45

4 Experimental Program

4.1 Casting of Specimens

The program involves the casting and testing of cubic specimens of concrete of
150 mm edge length and a cylinder of 150 × 300 mm. The moulding was a cast of
M25 grade concrete created using OPC, sand and crushed stones (20 and 10 mm)
mixed with calcined clay from Kutch and Chennai. Each of the three specimens was
created to obtain the average value. The specimens created were de-moulded after
24 h.

Testing of Specimen: To obtain and record the result of compressive strength, split
tensile strength, and acid attack and water absorption levels.

Compressive Strength: Six cubes of size 150 mmwere casted for each mix (7 days,
28 days and 90 days) and were tested on universal testing machine (UTM). The
samplings were individually placed on the platform ofmachine, and loadwas applied
gradually, till the mould structure compromises. The ultimate load was documented,
and the compressive strength of the corresponding sample was calculated.

Split Tensile Strength: For every mixture, 6 cylinders of size 150 × 300 mm were
casted and tested using the same machine universal testing machine (UTM) on 7, 28
and 90 days. This time specimens were placed at 90 degrees to platform’s axis of
universal testing machine (UTM). Load was applied until the mould structure failed.

Acid Attack: The hydrochloric acid attack test was conducted on 150 mm cubes.
The proportion taken for hydrochloric acid attack (HCL acid) was 2%. For each mix,
six numbers of cubes were casted.
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Hydrochloric Acid: The chemicals formed in the form of reaction products between
hydrochloric acid and hydrated cement phases are some soluble salts and some insol-
uble salts. Soluble salts, mostly with lectures, are later leached out, while insoluble
salts, along with amorphous hydrogel, together the layers remain in the layer. In
addition to dissolution, some Fe–Si, Al–Si, Ca–Al–Si complex can also be formed
as a result of the interaction between hydrogel which appears to be stable in the pH
range above 3.5.

Ca(OH)2 + 2HCl ⇒ CaCl2 + 2H2O

The reaction essentially causes the leaching of Ca(OH)2 from set cement. Hydrochlo-
ric acid attack is a specific acidic erosion that may characterize the formation of the
layer structure [16].

Water Absorption: Water absorption test provides amendment of overall zero space
in concrete.When applied on the samples removed from cubes during production, the
inconsistency of the test process is quite small. While the absorption value is partly
dependent on the condition of the mixture, it is also significantly influenced by the
initial treatment and the effectiveness. Thusmakes it challenging tofindwhether there
is a high outcome due to the content or cube making/treatment problems. Cubes of
150 mm after casting were submerged for 28 days in water. Then the wet weight of
the cube is being noted and also gets weaved. By the time, themasswas not stable and
weighed again; the dry weight of the cube was being noted by drying these samples
in the oven at 105 °C.

%Water absorbed = [(WWC−WDC)/WDC] × 100

where WWC = Wet Cube Weight and WDC = Dry Weight of Cube [17].

5 Results

The test results of concrete specimen are given below:

5.1 Compressive Strength

See Figs. 1 and 2.



Experimental Investigation on Strength … 719

31.97 32.45 30.9 29.79 28.51 29.64

37.84 39.78 38.72 36.51 34.66 32.78

39.32 42.27 45.56 46.45 47.63
43.86

10

20

30

40

50

0% 4% 8% 12% 16% 20%

St
re

ng
th

 L
oa

d 
M

Pa

Replacement Proportion  of Calcined Clay Kutch(CCK)

Compressive Strength CCK

7 Day's Mpa

28 Day's Mpa

90 Day's Mpa

Fig. 1 Compressive strength of CCK

31.97 31.15 30.33 30.08 27.76
23.43

37.84 38.87 36.45 34.23
30.51 28.01

39.32 40.54 42.46 43.72 42.28 40.69

0

10

20

30

40

50

0% 4% 8% 12% 16% 20%

St
re

ng
th

 L
oa

d 
M

Pa

Replacement Proportion of Calcined Clay Chennai(CCC)

Compressive Strength CCC

7Day's Mpa

28Day's Mpa

90Day's Mpa

Linear (90Day's Mpa)
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5.2 Split Tensile Strength

See Figs. 3 and 4.

5.3 Acid Attack

See Figs. 5 and 6.

5.4 Water Absorption Test

See Fig. 7.
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6 Conclusion

Based on the present experimental analysis on the partial replacement of calcined
clay with cement in concrete, the following conclusions were made:

1. In this experiment used calcined clay fromKutch and calcined clay fromChennai,
the best results were from calcined clay Kutch.

2. On 16% cement replacement by calcined clay Kutch, compressive strength on
90 days is superior and gave the maximum value when compared with calcined
clay Chennai on 16%.

3. The increase in calcined clay content improves the split tensile strength up to
16% cement replacement.
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4. On 20% cement replacement by calcined clay Chennai, the test of water
absorption provides a maximum percentage.

5. As per the analysis of HCL acid attack improves in concrete the 1.11% weight
loss at 20% cement replacement by calcined clay Chennai and the compressive
strength on CCK 35.60 at 4% cement replacement and compressive strength on
CCC 35.66 at 4% from standard conventional is 34.11 so it was improved.

6. The problem of waste disposal and environmental issues on waste can be reduced
through this research, and the environment can be made green.
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Study of Durability Aspects of Limestone
Calcined Clay Cement Using Different
Piezo Configurations

Tushar Bansal and Visalakshi Talakokula

Abstract The present research focuses on durability aspects of limestone calcined
clay cement (LC3) using different piezo configurations specifically aimed at acid
attack. The experimental study was carried out on concrete cylindrical specimens of
ordinary Portland cement (OPC) and LC3, which were immersed into the sulphuric
acid (H2SO4) and hydrochloric acid (HCl) solution. Different piezo configurations
were installed to acquire the data in the form of conductance and susceptance signa-
tures via electro-mechanical impedance (EMI) technique. From the acquired data,
the equivalent structural mass parameter was extracted which was then validated
with actual mass obtained by physical measurement. Based on the results, it can be
concluded that the equivalent mass parameter is able to identify the mass loss in the
specimens subjected to acidic environment non-destructively.

Keywords Limestone calcined clay cement (LC3) · Piezo sensor · Acid attack

1 Introduction

A durable concrete is one that performs satisfactorily in the working environment
when exposed to various atmospheric conditions,water, soil andmany other chemical
exposures. Concrete is highly alkaline in nature with pH values normally ranging
from 12.5 to 13.5 depending upon themixture proportion. Since it has high alkalinity,
it is readily attackedbyvarious chemicalswhichhave a pHvalue less than7.However,
some chemicals such as sulphuric acid (H2SO4) and hydrochloric acid (HCl) are the
most destructive acids which cause degradation and damage to concrete when come
into contact with it. Both these acids are produced either from sewage, acid rain,
seawater or from the sulphur dioxide present in the atmosphere of industrial cities.
H2SO4 attack causes the extensive formation of gypsum or ettringite in the regions
close to the surfaces and tends to cause expansion which ultimately leads to spalling.
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The chemical reaction involved in H2SO4 attack on cement-based materials can be
given in Eq. 1.

Ca(OH)2 + H2SO4 = CaSO4 · 2H2O (1)

In hydrochloric acid attack, the chemicals formed as the products of the reaction
between hydrochloric acid and hydrated cement phases are some soluble salts and
some insoluble salts. Soluble salts, mostly with calcium are subsequently leached
out, whereas insoluble salts along with amorphous gels remained in the corroded
layer. Eq. 2 shows the leaching of calcium hydroxide. After leaching out of cal-
cium hydroxide, ettringite and C-S-H start to decompose with the release of Ca2+

to counteract the loss of calcium hydroxide, and the set cement starts to disintegrate
accelerating the dissolution as shown in Eqs. (3 and 4).

Ca(OH)2 + 2HCl = CaCl2 + 2H2O (2)

Ca6Al2(SO4)3(OH)12 · 26H2O = 3Ca2+ + 2[Al(OH)4]− + 4OH− + 26H2O (3)

3Ca2+ + 2[Al(OH)4]− + 4OH− + 12HCl = 3CaCl2 + 2AlCl3 + 12H2O (4)

From the above issue, it is concluded that the acid attack on concrete is a major
problem. To solve this issue, many authors replaced the OPC with supplementary
cementitious (SCMs) material to increase the resistance of concrete against acids
attack. Chang et al. [1] investigated the concrete’s resistance against H2SO4 attack
using limestone aggregates and different types of cement such as ground granulated
blast furnace slag, silica fume and fly ash and found that limestone aggregates and
the ternary cement containing silica fume and fly ash has excellent acid resistance
in 1% sulphuric acid solution. Romanova et al. [2] assessed the corrosion process
on concrete circular pipe exposed to H2SO4 solution with different temperature and
found that the concrete mass and density increases during the early stage of corrosion
process which become quicker in the presence of higher temperature. Siad et al. [3]
investigated the effect of mineral admixture on the resistance of H2SO4 and HCl
acid attacks in self-compacting concrete (SCC) and found that on the addition of
natural pozzolana in SCC demonstrates positive influence against H2SO4 and HCl
acid. The mechanical properties, shrinkage and durability performance of different
blended concrete such as OPC, FA blended cement (FA30) and limestone calcined
clay (LC3) were studied by Dhandapani et al. [4] and concluded that LC3 has either
comparable/better properties. All the above studies investigate the durability of con-
crete by subjecting the specimen to acid attack destructively, and hence, the authors
felt the need of studying the same non-destructively using piezo configurations.



Study of Durability Aspects of Limestone Calcined Clay … 725

2 Durability Aspects of LC3 Using Different
Piezo-Configurations

The durability aspects of LC3 studies by using three different piezo configurations
such as embedded piezo-sensor (EPS), surface-bonded piezo sensor (SBPS) and
non-bonded piezo sensor (NBPS). EPS is the one in which the sensor is sandwiched
between the mortar layers, SBPS is the surface bonded on the top surface on the
specimen and NBPS is the sensor which is bonded on the thin aluminium foil and in
turn non-directly bonded to the top surface of the specimen in a reusable form. All
the piezo-sensors are based on the effective impedance model developed by Bhalla
and Soh [5] using EMI technique, in which, both the direct and the converse effects
of the piezo-sensors are utilized. The sensors are first excited using an impedance
analyser such as LCR metre and its interactions with the host structures are acquired
in the form of conductance (the real part) and the susceptance (the imaginary part)
signatures. Any changes such as mass, damping and stiffness of the host structure
are reflected in the admittance signature in the form of shifting/occurrence of new
peaks. After that, an impedance technique was used to understand the correlation
between change in signatures and the corresponding change in the equivalent mass
parameter. This technique is outlined by Talakokula and Bhalla [6], Talakokula et al.
[7, 8] to determine the mechanical impedance of the structure, Zs,eff = x + yj,
at a particular frequency, ω, from the conductance and susceptance signature. The
identified mechanical system is a series combination of spring-mass-damper system
(k-c-m) when examined in the frequency range 270–300 kHz as shown in Fig. 1.
The ‘x’ and ‘y’ for the identified system was given by Hixon [9] as shown in Eqs. (5
and 6) and mass parameter can be determined by algebraic manipulations as shown
in Eq. (7).

x = C−1

C−2 + (ω/k − 1/ωm)2
(5)

y = −(ω/k − 1/ωm)

C−1 + (ω/k − 1/ωm)2
(6)

m = (ω2
o − ω2)(x2 + y2)

ωω2
o y

(7)

where y = 0, then ω = ωo.

Fig. 1 Identified system (a
series combination of
spring-mass-damper)
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Table 1 Mix design details of OPC and LC3-50

Concrete Materials

Cement
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse
aggregate
(kg/m3)

Water
(kg/m3)

Limestone
calcined clay
(kg/m3)

OPC 386.36 672.84 1196.16 170 –

LC3-50 193.18 672.84 1196.16 170 193.18

Fig. 2 Experimental set-up

2.1 Experimental Programme

In this study, eight concrete cylindrical specimens were cast with OPC and LC3-50
(using clinker replacement level of 50%) cement. The concrete mix data of OPC and
LC3-50 are shown in Table 1. The specimens were subjected to hydrochloric acid
and sulphuric acid solution (see Fig. 2) for 30 days. To check the durability of the
specimen, the mass of the concrete is measured at the interval of 2 days by weighing
the specimen after 1 h of drying, at the same time data were acquired in the form of
electric admittance signature using different piezo configurations. After that actual
mass loss in percentage was computed after 30 days of exposure of acid attack with
respect to original mass.

3 Results and Discussion

From Figs. 3 and 4, it is observed that the thirty-day conductance signature resonance
peaks shift from its baseline position in all the different piezo-configurations when
subjected toH2SO4 andHCl environment, respectively. InH2SO4 attack, it is because
of exposure of sulphate when react with hydrated cement paste, it forms gypsum or
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Table 2 PZT Identified
equivalent mass loss in
percentage after 30 days with
exposure of H2SO4

EPS (%) SBPS (%) NBPS (%)

OPC 1.1 0.76 1.9

LC3-50 9.6 2.4 5.8

Table 3 PZT identified
equivalent mass loss in
percentage after 30 days with
exposure of HCl

EPS (%) SBPS (%) NBPS (%)

OPC 0.41 0.13 0.13

LC3-50 2.65 0.49 1.14

Table 4 Actual mass loss in
percentage after 30 days of
exposure

H2SO4 (%) HCl (%)

OPC 0.064 0.10

LC3-50 0.119 0.114

ettringite that becomes more than doubles the volume which causes the deterioration
in the structure. In the case of the HCl attack, when the chloride reacts with hydrated
cement paste, it forms soluble and insoluble salts, in which the soluble salts are
leached out whereas, insoluble salts alongwith amorphous gel remain in the corroded
layer which causes deterioration in the structure.When the properties of the structure
are changed, the mechanical impedance of the structure will be changed resulting
in a deviation of signature. Tables 2 and 3 show the PZT identified equivalent mass
loss in percentage of OPC and LC3-50 concrete due to exposure of H2SO4 and
H2SO4, respectively. It is observed that the identify equivalent mass loss in LC3-50
is higher than OPC because of higher water–binder ratio and lower binder content in
concrete mixes of LC3-50 than OPC [4]. Actual mass loss is calculated by physical
measurement as shown in Table 4, it is found that the LC3-50 concrete shows a higher
reduction in mass than OPC. On comparing the exposure of H2SO4 and HCl attack,
it is observed that H2SO4 attack cause greater degradation than HCl attack.

4 Conclusion

This paper presented a newway to identify themass loss in LC3 concrete subjected to
the acidic environment using different piezo-configurations. It is observed that all the
sensors sense the changes well. The reduction in mass is higher in LC3 concrete than
OPC when subjected to acidic environment and exposure of H2SO4 causes greater
degradation than HCl exposure.
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Influence of Calcined Clay-Limestone
Ratio on Properties of Concrete
with Limestone Calcined Clay Cement
(LC3)

Yuvaraj Dhandapani and Manu Santhanam

Abstract In this study, the compositional robustness of limestone-calcined clay
combination as clinker replacement in cement, and its effect on concrete perfor-
mance was assessed in detail. The ratio of limestone-calcined clay in the LC3 with
55% clinker was varied from 1:1.25, 1:2 and 1:3.5 with increasing limestone dosage
from 10 to 20%. Additionally, binary binders with calcined clay at 30% (CC30)
and 42% (CC42) replacement were studied for benchmarking and dissociating lime-
stone’s contribution to the performance of LC3 binder. Concretes were prepared with
360kg/m3 and0.45withfly ash-limestone and calcined clay-limestone combinations.
Early hydration benefits from limestone ensured that binders with a combination of
limestone-calcined clay showed higher compressive strength than the binary substi-
tution of 45% calcined clay binder up to 180 days. The higher reactivity of calcined
clays resulted in a tremendous rise in resistivity for all calcined clay binders by
early curing duration, i.e. 7 days. Resistivity development confirmed the synergis-
tic impact of limestone-calcined clay combination, which reaffirms the potential
ability of the calcined clay to complement the utilization of higher amount of less
energy-intensive limestone in the cementitious materials. Additionally, the influence
of varying limestone-calcined clay ratio on time-dependent change in chloride resis-
tance by migration test was probed, and the impact of chloride build-up at the steel
surface during service life is also discussed.

Keywords Limestone · Calcined clay ·Microstructure · Resistivity

1 Introduction

The importance of low-grade calcined clay as an alternative supplementary cemen-
titious material (SCM) is a relevant exploration in the context of reducing carbon
footprint in cement production [1, 2]. Furthermore, the direct use of uncalcined pow-
dered forms of limestone along with calcined clay can lead to substantial impact on
the phase assemblages and the early age properties [3, 4]. Limestone addition can
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reduce the burden on the clinker and bring down greenhouse emissions associated
with cement production. The contribution of limestone to the evolving microstruc-
ture can be limited primarily due to the lower solubility of calcite phases. The co-
substitution of low-grade calcined clay with fine limestone was found to produce
strength equivalent to a plain Portland cement [5]. The durability performance of
these composite cements with limestone-SCM composition is affected by the ability
of the limestone to compensate for the dilution and produce a conceivably syner-
gistic interaction with the aluminosilicate based SCM [6]. Aluminosilicates such
as fly ashes, slags and calcined clay are the widely recognized alternatives that
can be utilized as binder component [7]. Limestone addition can produce a vary-
ing influence on concrete properties depending on the characteristics of SCM used
for co-substitution. Several key characteristics such as reactivity, the composition of
reactive content present in SCMs, particle size and proportioning of SCM can govern
the properties of limestone-SCM composite cement.

This study reports experimental characterization on hydration and hardening prop-
erties on cement paste with binary and ternary mixes involving limestone. The
influence of calcined clay-limestone ratio on strength development and durability
performance was also investigated.

2 Research Design

An ordinary Portland cement (OPC) was used as a control mix. Limestone and cal-
cined clay sourced fromBhuj, Gujarat (with 50–60%kaolinite content) andUltratech
plant, Ariyalur (with CaO content of 42%) were used to produce the ternary binder
with a combination of OPC, limestone, calcined clay and gypsum as given in Table 1.

Table 1 Binder composition used in the study

SCM type Mix ID OPC SCM Limestone* Gypsum

OPC OPC 100 – – –

Class F FAF30 66 30 3.5 0.5

FAF42 54.5 42 3 0.5

FAFL10 54.5 34 11 0.5

FAFL15 54.5 30 15 0.5

FAFL20 54.5 25 20 0.5

Calcined clay CC30 65.0 30 3.5 1.5

CC42 53.5 42 3 1.5

CCL10 53.5 34 11 1.5

CCL15 53.5 30 15 1.5

CCL20 53.5 25 20 1.5

*Limestone content includes calcite content in OPC + limestone amount added
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For comparison, a similar combination was prepared with fly ash and limestone. In
all concretes, the binder content and w/b were maintained at 360 kg/m3 and 0.45,
respectively.

Concretes were prepared with crushed granite as coarse aggregate with a maxi-
mum size of 20 mm and well-graded river sand as fine aggregate. The coarse to fine
aggregate ratio was fixed at 60:40 by weight and a polycarboxylic ether (PCE) based
superplasticizer was used to obtain a slump of 80–120 mm.

3 Results and Discussion

3.1 Hydration, Hardening and Compressive Strength

Hydration heat and setting characteristics of the cement paste (w/b: 0.4) for all
binder compositions are presented in Fig. 1. The cumulative heat release in these
binder systems shows the difference between binary and ternary combinations. An
increase in the amount of SCM, i.e. fly ash or calcined clay reduces the total heat
release by 7 days. The reduction was significantly higher for increasing dosage of fly
ash than calcined clay as shown in Fig. 1a, b. The early interaction and consequential
acceleration in the hydration process contribute to the heat release with increasing
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dosage of calcined clay as opposed tofly ash.Limestone-fly ash combinations showed
higher heat release than FAF42. This shows the positive influence of limestone on
early hydration characteristics. The change in heat releasewasnot 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.

Setting characteristics of all binder compositions with fly ash and calcined clay
are presented in Fig. 1c, d, respectively. The penetration resistance reduces with
increasing dosage of fly ash (see FAF30 and FAF42 in Fig. 1c). The acceleration
in hydration characteristics due to limestone addition was able to shift the setting
characteristics of fly ash binders close to plain Portland cement. Similar results
were previously reported for high-volume fly ash concretes with a minor dosage
of limestone in [8]. Unlike 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. The combined early contribution of calcined
clay and limestone collectively accelerates the setting characteristics of calcined clay-
limestone binders. In fly ash mixes, limestone addition was found to be beneficial in
reducing delay in setting characteristics caused by a higher dosage of fly ash addition
as a cement substitute.

The compressive strength development (up to 180 days) in concretes reaffirmed
the influence of limestone on the early age properties (see Fig. 2). This can be
identified from the comparable strength development of ternarymixeswith limestone
with binary mixes even at the expense of a more reactive component such as clinker
and SCM. Compressive strengths at 7 days and 28 days were marginally higher for
ternary mixes than binary mixes with 42% SCMs. The lack of strength development
from 28 to 90 days in CC42 can be due to lack of portlandite and limited progressive
hydration due to the high dosage of calcined clay.
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b calcined clay
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3.2 Chloride Resistance

Chloride resistance of concretes with all binder compositions was studied using non-
steady-state migration experiment at 28, 90 and 180 days as per NT Build 492 [9].
The results confirm that fly ash-limestone mixes showed a consistent increase in
chloride migration coefficient with limestone dosage, as seen in Fig. 3. This reduc-
tion in chloride resistance was evident by 28 days due to the impact of dilution and
a lack of dominant interaction between fly ash and limestone. Also, the low reac-
tivity state of fly ash particles was not able to subsidize for the reduction in the
amount of hydrates due to limestone addition. All calcined clay concretes attains
higher resistance to chloride ingress despite the dosage of limestone. This indicates
that the driving factor for such performance characteristics can be due to the early
interaction of calcined clay binders to form a compact microstructure with the LD
(low density) CASH produced in such systems. This phenomenon of LD CASH
in calcined clay binder is discussed in [10]. The early interaction was captured by
the significant rise in resistivity for all calcined clay binders. Notably, the resistivity
value of CCL10 and CCL15 were higher compared to CC30 and CC42 due to benefit
from the complementary interaction of calcined clay-limestone.

The time dependency parameter, also known as an ageing coefficient, can be
obtained as the slope of the chloride resistance parameter and time on a log–log plot.
For this purpose, the chloride migration rate was measured at 28, 90 and 180 days.
Figure 4 shows the ageing coefficient for all binary and ternary mixes of fly ash
and calcined clay. The delayed contribution of fly ash to pore structure and chloride
resistance is well captured with the higher ageing coefficient for all concretes with
fly ash. The ageing coefficient was lower for all concretes with calcined clay due to
the rapid development of microstructure with calcined clay binders [3]. This study
demonstrates that calcined clay binders attain lower chloride ingress rate at an early
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Fig. 4 Range of ageing
coefficient for concretes with
fly ash and calcined clay
binders
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age. However, the change in the transport parameter over time was lower compared
to fly ash concretes.

The combined effect of the initial difference in the chloride transport parameter
and time-dependent change captured in the form of the ageing coefficient on the
service life can be estimated by calculating chloride content at the surface of steel
based on error function solution to Fick’s second law of diffusion as given Eq. (1).

C(x = X, t) = C0 + (Cs − C0) ·
⎡
⎣1− erf

⎛
⎝ X

2
√
DappTemp· ( tref

t )
a · t

⎞
⎠

⎤
⎦ (1)

where Cs is the surface chloride concentration, Cx is the chloride content at the
depth X (cover depth of 60 mm used in this case), C0 is the initial chloride content
in concrete and tref is the reference time. Dapp is the apparent chloride diffusion
coefficient in m2/s and t is the exposure time.

To estimate the chloride content at the surface of steel over the service life,Cs was
considered to rise linearly to represent a slow deposition of chlorides on the concrete
surface over 15 years to reach a maximum chloride at the surface of 1% by weight
of concrete (bwoc). The Dapp was considered as time-dependent and temperature-
dependent. A temperature variation from 30 to 38 °C (annual temperature cycle
similar to Chennai, India) was considered and corresponding suitable change in
chloride diffusion ratewas computed at every time step (say one day) usingArrhenius
function as suggested in FIB-34 [11]. Also, the ageing coefficientwas used to account
for the time-dependent reduction in the chloride resistance for 10 years. Using Eq.
(1), the chloride content at the surface of steel (X = 60mmwas used in this case) was
computed. Figure 5 shows the amount of chloride accumulated at the surface of the
steel in binary and ternary binders with fly ash (Fig. 5a) and calcined clay (Fig. 5b)
considering the combined effect of chloride resistance and ageing coefficient.

In OPC concrete, the higher chloride ingress rate results in a steady rise in chloride
content at the steel surface in a short duration. Beyond a certain duration, the chloride
build rate slows down (see Fig. 5, OPC curve) as chloride content reaches close to
the concentration at the exposure surface (1% as considered for this computation).
As concentration variation narrows down between steel surface and concrete surface,



Influence of Calcined Clay-Limestone Ratio on Properties … 737

(a) (b)

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

C
hl

or
id

e 
co

nt
en

t a
t s

te
el

su
rf

ac
e 

(%
 b

w
oc

)

Time (years)

 OPC  FAF30  FAF42
 FAFL10  FAFL15  FAFL20

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

C
hl

or
id

e 
co

nt
en

t a
t s

te
el

su
rf

ac
e 

(%
 b

w
oc

)

Time (years)

 OPC  CC30  CC42
 CCL10  CCL15  CCL20

Fig. 5 Development of chloride content at the steel surface over the exposure time for a fly ash
concretes and b calcined clay concretes

the diffusion flux, which leads to the continuous rise in chloride content at the surface
of the steel, is reduced. This results in faster chloride build-up initially which slows
down over the period of time.

In fly ash concretes, the binary mixes, FAF30 and FAF42, have lower chloride
build-up rate than ternarymixes. FAFL20has reduced the resistance to chloride build-
up at the steel surface despite similar ageing coefficient. This is because of a higher
value in the chloride transport parameter by 28 days. In calcined clay concretes,
the ternary binders with 10 and 15% limestone had lower chloride build-up at the
steel surface during the exposure time compared to the binary mixes, i.e. CC30 and
CC42. This further reiterates the beneficial influence of limestone co-substitution
with calcined clay on the durability performance of concrete systems.

4 Conclusion

The study put forward the compositional robustness of the calcined clay-limestone
in producing durable concrete. The influences of calcined clay-limestone ratio on
hydration setting and strength development showed the impact of minor variation
of the dosage limestone content. The positive role of limestone on heat release and
setting due to acceleration of hydration process with calcined clay and fly ash binder
was evident.

The alteration in strength development due to limestone addition was limited and
a major influence of the choice of SCM (i.e. calcined clay or fly ash) on the strength
development potential can also be noted. The calcined clay-limestone binders could
accommodate up to 15% limestone and produce comparable strength development
to OPC at all ages.

The variations in chloride resistance were limited for calcined clay binders irre-
spective of limestone dosage. In fly ash-limestone combination, the 28 days transport
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propertieswere consistently reducedwith the addition of limestone powder. The com-
bined influence of both initial transport resistance and the higher ageing coefficient
can be rationalized a slower chloride build-up at steel surface for fly ash and calcined
clay concretes compared to OPC.
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Volumetric Deformations at Early Age
on Portland Cement Pastes
with the Addition of Illitic Calcined Clay

Agustín Rossetti, Graciela Giaccio and Edgardo Fabián Irassar

Abstract With the aimof reducing the environmental impact associatedwith cement
production, during the last decade, different percentages of clinkers have been
replaced in cement by supplementary cementitious materials (SCMs). When new
SCMs are incorporated in concrete, it is necessary to evaluate, not only the mechani-
cal properties (as strength and stiffness) and the durability but also the deformations
that can generate cracking and decrease the service life of the structures. This paper
is focused on the study of volumetric changes at the early ages of pastes made with
blended cements with the addition of illitic calcined clays from the Buenos Aires
province, Argentina. The objective of this work is to present preliminary studies on
the effect of illitic calcined clays on the autogenous and chemical shrinkage of pastes.
The studies were made on pastes (water/cementitious material ratio equal to 0.275)
using a Portland cement type II/A-L, with the incorporation of different percentages
(10%, 20% and 30%) of illitic calcined clays. A device for direct deformation mea-
surement was used to register linear dimensional changes; the general guidelines
of ASTM C 1608 were applied for the determination of chemical and autogenous
shrinkage. The volumetric changes measured with direct device are the sum of the
chemical and autogenous shrinkage accompanied with the expansion due to the heat
released during hydration. It was found that pastes incorporating calcined clays had
early deformations similar to or lower than reference paste without clay.
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1 Introduction

In the last years, in the cement industry, the tendency to use cementitious supple-
mentary materials (SCMs) has grown. The most commonly used being blast furnace
slag, calcareous filler and natural pozzolans. Its use is justified by economic and envi-
ronmental issues. Studies have shown that the projections of cement consumption in
the coming years will be very high and, on the other hand, the production of these
SCMs will not be enough to cover the demands of the world market, mainly in the
developing countries. In this circumstance, calcined clays with an adequate content
of aluminum in their structure to react with the cement-like kaolinite, illite and mont-
morillonite appear as a promissory alternative. There are several studies on kaolinite
calcined clays and their performance in concrete, but there are few references to
illitic calcined clays.

Illitic clays are one of the most abundant clay minerals in the earth’s crust. They
come from the alteration of feldspars andmicas in rocks due to weathering processes.
The illitic clays acquire pozzolanic properties when they are thermally activated at
950 °C [1] causing dehydroxylation and the collapse of their structure to form an
amorphous aluminosilicate compound [2]. Knowing the pozzolanic capacity of the
addition, to prevent cracking, other technological aspects of the fine materials such
as the volumetric stability in paste, mortar and concrete must be studied.

Autogenous shrinkage refers to an apparent volume or length reduction of
hydrated cement under isothermal conditions and without interchange of water to the
medium [3]. This phenomenon is caused by the continuous hydration of the cement
after the formation of a resistant initial structure and can be explained by the theory
of capillary pressure that is generated in pastes of low w/c ratio [4].

Generally, the autogenous shrinkage manifests itself at an early age within the
first 24 h after the paste is mixed, but the matrix of the paste is more prone to cracking
during the first 12 h [5]. During this period, the tensile strength of the paste is too
low to resist the stresses caused by the volumetric deformation. The addition of
supplementary cementitious materials modifies these behaviors. Mineral additions
tend to produce densification and refinement of the internal structure of pores and
thenmechanical characteristics, durables andvolumetric changes aremodified [6]. To
study the autogenous shrinkage, it can be measured as volumetric or length changes.
Beyond the selectedmethod, during themeasuring of deformations, generallywhat is
measured is a combination of autogenous, chemical, drying shrinkage and volumetric
deformations by thermal processes that must be able to be identified separately [7].

Chemical shrinkage refers to volume changes the at early ages of hydration,
which occur when the hydrated cement compounds are formed, as they have smaller
volumes than the original compounds (cement and water) before being combined
[8]. After the initial structure of the paste is formed during hydration, the continuous
hydration generates the formation of voids in the matrix of the solid skeleton. At
this point, the value of the autogenous shrinkage is lesser than the chemical, since
the first one measures the apparent reduction of the volume, while the accumulated
value of the vacuum is considered to be the chemistry. In the plastic state, the terms
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“chemical shrinkage” and “autogenous shrinkage” could be used interchangeably,
but studies by Holt [9] have shown that autogenous shrinkage and chemistry are not
equivalent in concretes with w/c ratio less than 0.30.

The objective of this work is to analyze the influence of illitic calcined clays
incorporation on the autogenous and chemical shrinkage of pastes at an early age after
casting. The studies were done on pastes (w/c= 0.275) using a Portland cement type
II/A-L, with the incorporation of different percentages (10%, 20% and 30%) of an
illitic calcined clay. A device for direct deformation measurement was implemented
to register linear dimensional changes and the general guidelines of ASTM C 1608
were applied for the determination of chemical and autogenous shrinkage.

2 Materials and Methods

2.1 Materials and Mixtures

Portland cement type II/A-L 42.5 R (UNE-EN-197) with 10%of calcareous filler and
an illitic calcined clay from a quarry of Olavarría (Argentina) identified as ICC was
used. The clay stones were reduced to 5 mm particles and calcined in an oven. The
temperature increased at 10.5 °C/min up to 950 °C and themaximum temperaturewas
maintained for 90 min and then samples were cooled slowly in the oven according
to previous test [1]. Finally, calcined clays were ground in a laboratory ball mill
until obtaining 90% of the particles smaller than 45 µm. XRD analysis reveals
low-intensity peaks of dehydroxylated illite and the associated minerals are quartz,
hematite, oligoclase and spinel. Chemical composition of the cement and the clay
determinate by XRF are reported in Table 1. The calcined clay meets the chemical
requirements for Class N pozzolan (ASTMC 618): S+A+ F > 70%; SO3 < 4% and
LOI < 10%. For this illitic calcined clay, the Frattini test was positive after 14 days,
and also, the compressive strength development was reported in previous paper [1].

The physical characteristic of the materials, density (ASTM C 188), retained on
75 and 45µm sieves (ASTMD422 and C 618), the Blaine specific surface (ASTMC
204) and the particle size distribution (PSD) determined using the laser granulometer
(Malvern Mastersizer 2000) are reported in Table 2.

This study was performed on pastes with 0.275 water/cement + ICC ratio; the
pastes incorporated 0, 10, 20 and 30% of calcined clay as cement replacement
(percentages by weight) and they are identified as PC, ICC10, ICC20 and ICC30,
respectively.
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Table 2 Physical
characteristics of ICC and
cement

Property/material ICC Cement

Density 2.65 3.05

Retained on sieve, % 75 µm 4.02 –

45 µm 5.68 –

Particle size distribution d10, µm 1.29 2.39

d50, µm 7.34 15.7

d90, µm 36.95 48.0

Specific surface Blaine, m2/kg 724

Specific surface BET, m2/g 1.88

2.2 Direct Linear Deformations

Linear deformationsweremeasured using a device that automatically recorded length
changes of the pastes after casting (t = 0). The device used (Fig. 1) consists of steel
mold of 40 × 40 × 160 mm (Fig. 1a) with a mobile end in contact with a LVDT
(Fig. 1b) that measures the longitudinal deformation.

This device can measure the longitudinal deformations in both directions, as a
screw of ~4 cm long was incorporated into the mobile part so the paste can drag
the head. To avoid friction and adhesion of the paste with the faces of the mold,
this was covered with a layer of Teflon and oil. After filling and compaction, the
test paste was covered with a waterproof film and a thermocouple was introduced
to measure the temperature inside the paste (Fig. 1c). The device was placed in a
container with water in the base and was covered with a lid to control the temperature
(22 °C) and humidity (>95%) (Fig. 1d). During the test, data acquisition (LVDT and
thermocouple) occurred every 2 min until 48–72 h.

Fig. 1 a Device used to measure longitudinal deformations; b LVDT; c molded paste with ther-
mocouple ready to measure internal temperature; d device in the container ready to start the
test
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2.3 Volumetric Determination of Chemical and Autogenous
Shrinkage

Chemical shrinkage was determined based on the methodology proposed by ASTM
C 1608; it was placed approximately 100 g of paste (w/cm = 0.275) in a glass
cylindrical container, then it was carefully filled with water, and finally, a plug with a
capillary tube to ensure a tight sealwas placed, as shown in Fig. 2a. Then the container
was introduced in isothermal medium, and in half-hour intervals, measurements of
the water level in the capillary tube were made.

The autogenous shrinkage was studied with the same methodology described in
the previous paragraphbutwith themaindifference that the pastewas isolated to avoid
water interchange and moisture variations (condition of the autogenous shrinkage).
To isolate the paste, it was placed and consolidated inside a latexmembrane, and then,
it was introduced in the glass container (Fig. 2b) ensuring that no air bubbles remain
inside. Then the plug and graduated tube were placed and proceed to measure in the
same way as the chemical shrinkage. In order to make continuous measurements,
webcams programmed to monitor the whole experience filming the capillary tubes
were implemented (Fig. 2c).

In addition, with these pastes, rings (2 cm thick) were cast to determine the times
of cracking using the method of restrained contraction (Fig. 3). After 24 h of casting
the pastes, the external part of the mold was removed and the rings were kept in
laboratory environment (temperature 20 °C and relative humidity of 70%). The idea
of this study was to determine qualitatively if the addition of the calcined clays
increases the contraction which would mean that the fissures occur earlier.

Fig. 2 a Chemical shrinkage; b autogenous shrinkage; c monitoring cameras
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Fig. 3 Determination of restrained shrinkage in paste rings with the addition of illitic calcined clay

3 Results and Discussion

3.1 Longitudinal Deformations

The results of Direct Linear Deformation Experiment were analyzed taking into
account the results from Holt thesis [10]. According to Holt, the curve of the lon-
gitudinal variation at early age is the sum of several processes: reabsorption of the
bleeding water, growth of the ettringite crystals, growth of the portlandite crystals,
topochemical reaction produced by the hydration of the C3S, thermal expansion
product of the exothermic reactions of the hydration of the cement, among others.

Figure 4 shows the results of the longitudinal deformations and the temperature for
the reference pastesmadeonlywith cement (PC) and the pasteswith the incorporation
of the different percentages of illitic calcined clays (ICC10, ICC20, ICC30).

Analyzing the curve corresponding deformation to the PC control: from the
beginning of the measurement (time 0) and up to ~90 min, shrinkage is observed
reaching a maximum of 320 µm/m as a result of the chemical contraction while the
temperature decreased slightly. After 90 min, both curves (deformation and tempera-
ture) present an inflection point that occurs in correspondence with the initial setting
time, the rate of hydration heat increases and the solid skeleton of high connectivity
develops where the water moves freely through the interior of the paste. This process
generates an expansion of ~170 µm/m until 4 h (final setting) and it is attributed to
the heat of hydration. Between 4 and 6 h after the formation of the solid skeleton
by the setting process, capillary pressures begin because the continuous hydration
makes a structure of pores that inhibit the free movement of water in the hardened
paste.

From this point, a competition between capillary pressure and temperature starts,
winning pressure and making small shrinkage until it stabilizes. Between 6 and 10 h,
there is volumetric and thermal stability and the paste reaches the maximum tem-
perature (~10 h). Then the curve deformation shows shrinkage lower than 60 µm/m
attributed to the deceleration of the heat released by hydration and begins the cooling
of the paste. Between 14 and 24 h, an expansion lower than 90 µm/m is developed,
although the thermal curve indicates a continuous cooling of the paste until it stabi-
lizes at room temperature for 36 h. In other words, the expansion process that takes
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Fig. 4 Linear deformations and temperature variation measured in Portland cement paste with
illitic calcined clays

place between 10 and 24 is independent of temperature. After 24 h, a combination
of thermal, chemical and autogenous shrinkage is developed. After 36 h, the temper-
ature stabilizes and only the autogenous and chemical shrinkage develops, reaching
300 µm/m at 120 h.

Analyzing the deformation curves corresponding to the cementwith the addi-
tion of illitic calcined clays: at the beginning, the initial shrinkage is less than that
onemeasured for the control cement. Then at the start of the setting time (90min), the
solid skeleton formation begins producing an expansion by the reabsorption of the
free water and thermal expansion for the ICC10 and ICC20 pastes. This expansion
is lower for the ICC30. The shrinkage by capillary pressure appears ~at 4 h and it
is compensated by the thermal expansion until the system stabilizes at 14 h. At this
time, there is no variation in volume due to the balance between the chemical–auto-
genous shrinkage and the cooling. From 14 to ~24 h, ICC10 and ICC20 samples have
a slight expansion, where is more pronounced in the ICC10 which can be attributed
to a lower effective ratio of water to cement (effective w/c = 0.34) making a high
confined space where the free water wants to move. The paste ICC30 shows higher
shrinkage between 4 and 7 h, and after that, the shrinkage remains constant until 36 h
where the shrinkage increases (autogenous and chemical) without thermal influence
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since the paste has reached equilibrium with the environment. At 48 h, final shrink-
age of the pastes is less than that corresponding to the reference paste with a similar
value (250 µm/m) for the three replacement percentages studied.

3.2 Volumetric Deformations. Chemical and Autogenous
Shrinkage

Figure 5 shows the results of the chemical (Q) and autogenous (A) shrinkage mea-
sured following the guidelines of ASTM C 1608 of pastes PC, 10ICC, 20ICC and
30ICC with 0, 10, 20 and 30% of clay replacement, respectively. It can be seen
that for all calcined clay replacements, both autogenous and chemical shrinkage are
slightly lower than for the control paste. The differences in volume changes are not
significant and there was not a clear effect produced by the clay content. Analyz-
ing the chemical shrinkage curve at the age of 60 h, the values are practically the
same reaching 3 cm3/100 g. It is important to highlight that addition of different
percentages of calcined clays did not increase the chemical or autogenous shrinkage.

During the restricted shrinkage ring test, it was possible to observe that the crack-
ing occurred between 20 and 48 h after casting. It should be noted that the control
paste PC was the first to crack, and as the percentage of addition increased the
cracking took place in later time, this behavior is consistent with the deformations
measured using the other methods described above.

Fig. 5 Chemical and autogenous shrinkage curves with the addition of 10, 20 and 30% of illicit
calcined clay according to ASTM C 1608
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4 Conclusions

In the present work, first measurements of deformations were made in Portland
cement pastes with the incorporation of different percentages of illitic calcined clays
using a direct measurement method (linear deformations) and a modification of the
ASTM C 1608 standard (volumetric deformations). The main conclusions are:

• The volumetric changes determined by an experimental device of direct measure-
ment provide information on the different states of the paste as well as the thermal
gradients in cements mixed with calcined clays.

• The deformation curve (direct measurement method) corresponding to the control
cement presents a higher number of inflection points than those corresponding
to the different percentages of illitic calcined clays pastes. The first explanation
to this is that as the additional content grows, the effective water–cement ratio
increases and this causes a less confined and less restrictive internal system.

• For all replacements of illicit calcined clay, volumetric deformations, both in terms
of autogenous and chemical shrinkage, yield final values that are less than the
control paste. This situation is also reflected when the pastes are analyzed with the
direct measurement method.
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Anomalous Early Increase in Concrete
Resistivity with Calcined Clay Binders

Hareesh Muni, Yuvaraj Dhandapani, K. Vignesh and Manu Santhanam

Abstract The present study investigates the effect of concrete mixture proportion-
ing on two major performance parameters which include compressive strength and
surface resistivity for limestone calcined clay cement (LC3) and FA30 (70% OPC
+ 30% Class F fly ash) binders. The findings show that there was a significant early
strength development of about 38–88% of the 28th-day strength by 3 days in the
range of concrete studied, despite only 50% clinker in LC3 binder. In comparison,
FA30 with 70% clinker had about 30–61% of 28th-day strength by 3 days. All LC3
concretes had higher resistivity than FA30 counterparts indicating higher resistance
to ionic transport in the binding phase. By 90 days of curing, the surface resistiv-
ity values varied between 50–200 and 10–80 k� cm for LC3 and FA30 concretes,
respectively. Furthermore, a dramatic rise in surface resistivity was seen by 7 days
for LC3 concretes conforming to the early impact of calcined clay on the concrete
physical structure. In the case of fly ash concretes, resistivity measurements showed
a major increase only after 28 days. The pore structure refinement was found to be
the significant factor controlling the early development of durability indices in LC3
concretes.

Keywords Limestone · Calcined clay · Surface resistivity · Ionic resistance ·
Microstructure

1 Introduction

Limestone calcined clay cement (LC3) is a ternary blended binder made with a com-
bination of Portland cement and a mixture of limestone and calcined clay (denoted
as LC2 hereafter) [1, 2]. LC2 is an alternative supplementary cementitious mate-
rial (SCM) composed of the mixture of limestone, calcined clay and gypsum which
can be blended with OPC to produce LC3 binder. LC2 combines two widely avail-
able materials to substitute the clinker—kaolinitic clays and limestone in calcined
and uncalcined forms, respectively. Previous studies have found that replacement
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of cement with a blend of limestone and calcined clay can give a mechanical per-
formance, on a par with plain Portland cement [2]. Also, concretes made with LC3
binder have shown promising concrete strength development and excellent resistance
to chloride ingress [1].

The durability of concrete is partially controlled by the transport of aggressive
ions through the microstructure. The ability of concrete to resistance transfer of
ions relies on the electrical resistivity of the concrete bulk. Resistivity can also be
used to indicate the physical structure development in concrete, connectivity of the
pore system. Surface resistivity can be an ideal indicator for concrete quality and
quick identification of concrete mixes for target durability performance in chloride
exposure [3–5].

This study reports the viability of using LC2 at 45% clinker replacement for pro-
ducing typical moderate to high-strength concretes. Two characteristics investigated
in this study includes (i) the strength development potential in concretes made with
LC2 and fly ash as admixture and (ii) the development of surface resistivity as a
measure of durability characteristics in concretes made with LC2 and fly ash over a
range of concrete mixes.

2 Materials and Methods

The experimental matrix was designed to determine the effect of different concrete
components such as binder type (mainly LC3 and Class F fly ash as binder com-
ponent), binder content and water–binder ratio. Table 1 gives the matrix with the
variables used in the study. A total of 51 concrete mixes (marked as ↑ in Table 1) ,
27 concrete with LC3 and 24 concretes with FA30, were fabricated.

Table 1 Different binder contents (kg/m3) and water–binder ratios used in the study

Binder
type

Binder
content
(kg/m3)

Water–binder ratio No. of
Mixes0.35 0.40 0.45 0.50 0.55 0.60

LC3 280 ↑ ↑ ↑ 27

310 ↑ ↑ ↑ ↑ ↑ ↑
360 ↑ ↑ ↑ ↑ ↑ ↑
400 ↑ ↑ ↑ ↑ ↑ ↑
450 ↑ ↑ ↑ ↑ ↑ ↑

FA30 280 ↑ ↑ ↑ 24

310 ↑ ↑ ↑ ↑ ↑ ↑
360 ↑ ↑ ↑ ↑ ↑ ↑
400 ↑ ↑ ↑ ↑ ↑ ↑
450 ↑ ↑ ↑
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2.1 Materials Used in the Study

The binder materials used in this study are ordinary Portland cement (Grade 53
conforming to IS 269), and two SCMs considered include fly ash (Class F type from
Ennore, Chennai) and an admixture made of limestone calcined clay (LC2 produced
industrially by JK Lakshmi Cements Ltd). The fly ash and LC2 were used to produce
binders named FA30 and LC3, respectively.

Crushed granite and graded river sand were used as coarse and fine aggregate,
respectively. A PCE-based high-range water reducer was used to obtain the target
slump between 80 and 160 mm. Notably, fly ash mixes were workable even at lower
superplasticizer addition and LC3 mixes required higher superplasticizer dosage in
most instances. The maximum dosage of superplasticizers required for FA30 and
LC3 concretes was 0.33 and 1.18% of solids by weight of binder.

2.2 Testing Methodology

A 100 mm cubical concrete specimen was prepared for compressive strength assess-
ment. The specimens were cast and moved to a moist room (>95 RH) after 24 h
till the age of testing. Three specimens were tested by universal compression test-
ing machine (Controls®-3000 kN) at 3, 7, 28 and 90 days curing in accordance
with IS 516. Surface resistivity measurement was carried out on 100 mm-diameter
cylindrical specimens. A four-point Wenner probe resistivity technique was used to
determine the surface resistivity of the concretes. The resistivity measurements are
sensitive to the surface condition of the concrete, including the presence of moisture
and voids. Hence, 27 data measurements were made on three specimens to obtain a
reliable average for the inherent resistivity of concrete.

3 Results and Discussion

3.1 Compressive Strength

Figure 1 presents the compressive strength results as a function of different water–
binder ratios at different ages. From Fig. 1a and c, it is evident that LC3 concretes
showed better strengths compared to FA30 across the range of binder contents at
lower water–binder ratio. The strengths at 0.50, 0.55 and 0.60 water–binder ratios
were also found to follow a similar trend with a major change due to binder content.
In fly ash concrete, no major difference was found despite an increase in binder
content. The early participation of calcined clay and limestone in LC3 complements
to improve the strengths even at a higher water–binder ratio. In most FA30 concretes,
strength was less than 15 MPa for mixes with a water–binder ratio above 0.45,
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Fig. 1 Compressive strength as a function of water–binder ratio for concretes with varying binder
content

irrespective of binder content. Also, FA30 mixes have a major shift in the strength
occurring between 0.4 and 0.45. In the case of LC3 concretes, the shift was found
between 0.45 and 0.5 water–binder ratio. This shows that LC3 concretes have a
more pronounced strength development even at a marginally higher water–binder
ratio despite 15% reduced clinker content compared to FA30 binder. Also, some
variation in the 3 days strength for LC3 concretes can be due to the retardation
effects due to higher dosage of superplasticizer which should also be noted.

Figure 1c presents 90 days compressive strengths of LC3 concretes, which grad-
ually decreased from 0.35 to 0.60 w/b. Notably, all LC3 concretes with 0.45 or lesser
water–binder ratio reached above 40 MPa signifying the strength potential of LC3.
The strengths of FA30 concretes also decreased from 0.35 to 0.60 with binder con-
tent showing an influence on strength at a lower water–binder ratio. In the case of
FA30, concretes made with w/b ratio up to 0.4 attained 40 MPa. Typically, there will
be a higher amount of free capillary porosity for cementitious systems made with
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water–binder ratio above 0.45. The free capillary porosity can delay the time taken
for the hydration product to densify the cementing matrix and further delay the onset
of the influence of binder content to impact the strength development. In the case
of an LC3 system, the free capillary pore space gets densified at an early age due
to better filling characteristics of the pozzolanic hydrate and additionally produces
hydrates in limestone-calcined clay interaction. In fly ashes, the difference due to
binder content and the water–binder ratio is significant, and fly ash-based systems
require more time to densify the matrix due to lower intrinsic reactivity.

3.2 Surface Resistivity

Surface resistivity of concrete is used to assess the ability of concrete to with-
stand/resist the transfer of ions when subjected to an electrical field. Table 2 gives
the concrete quality classification based on surface resistivity as suggested by ACI
222R and FM 5-578.

The electric current flows through the fluid-filled pores in concrete indicating the
nature of the pore network. In this context, resistivity measurement can be used to
assess the extent of the interconnectivity of pores and can be related to several trans-
port properties of concrete such as chloride diffusion coefficient, water absorption
and corrosion rate of embedded steel.

The resistivity of both LC3 and FA30 concretes increases with curing duration due
to continuous pozzolanic interaction from calcined clay and fly ash. The absolute
values of resistivity of LC3 concretes were always higher than FA30 mixes at all
curing periods. Previous studies on cement paste also found similar trends [6]. Also,
the average resistivity of LC3 specimens is higher than their FA30 counterparts at any
given water–binder ratio. This difference can be due to the significant reduction in
the pore size of the LC3 binder as reported in [6]. From the data presented in Fig. 2a
and b, resistivity is predominantly sensitive to the binder type than the water–binder
ratio at a specified age. There is a limited but steady reduction in the resistivity with
increasing water–binder ratio. However, this difference is insignificant compared to
the difference between the absolute resistivity of LC3 and FA30 concrete across

Table 2 Classification of
concrete based on surface
resistivity

ACI 222-R FM 5-578

Resistivity
(k� cm)

Corrosion
rate
classification

Resistivity
(k� cm)

Risk of
chloride
ingress

<5 Very high <12 High

5–10 High 12–21 Moderate

10–20 Low to
moderate

21–37 Low

>20 Low 37–254 Very low
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Fig. 2 Surface resistivity as a function of water–binder ratio for concretes with varying binder
content

water–binder ratios. In some instances, for concretes with lower binder content had
higher resistivity value. This was due to the reduction in the paste content, which
reduces the permeable medium in the concrete and explains such variations.

Figure 2c and d confirms that there is a permanent effect of water–binder ratio
on the resistivity value. This is because the water–binder ratio governs the initial
distribution of the solid particles in the cementitious matrix per unit volume. At
lower water–binder ratios, more solid particles are packed tightly in a unit volume
of cementing matrix. This reduces the capillary space for hydrates to evolve, and
ultimately, there will be a lesser amount of porous hydrates in a unit volume. Based
on the difference seen in the LC3 and FA30 concretes, the nature of the pore network
or the interconnectivity of the pores can be primarily controlled by characteristics of
the hydrates formed in the capillary pore space. The low packing-density pozzolanic
CASH with reduced Ca/Si ratio (discussed later in Fig. 6) due to the high reactivity
of calcined clay can explain such early rise in durability indices of LC3 systems.
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Fig. 3 Resistivity development in all a LC3 and b FA30 concretes

3.3 Resistivity Development Characteristics

Figure 3 shows the temporal change of resistivity in LC3 concretes, which confirms a
consistent early interaction of calcined clay with a marked increase in the resistivity
between 3 and 7 days for all 27 concretes. Beyond 7 days, the resistivity value
increases at a lower rate to 90 days. In contrast, FA30 concretes shows major rise
in resistivity between 7 and 28 days, and also further increase beyond 28 days till a
period of 90 days. This distinct difference in the kinetics of resistivity development
is in agreement with the findings on cement paste by Dhandapani and Santhanam
[6] where an early decrease in the electrical conductivity in LC3 binder phase as a
consequence of refined pore structure at the similar period was noted.

3.4 Discussion on the Resistivity of Concretes Made
with LC3 Binder

The resistivity of LC3 concretes was above 10 k� cm by 3 days of curing. The
change in mixture proportioning parameters such as water–binder ratio and binder
content was able to produce a broad range of values between 10 and 50 k� cm for
concretes madewith LC3 binder (as seen in Fig. 4a). The slow interaction of fly ashes
resulted in a narrow range of values, predominantly less than 10 k� cm by 3 days.
Figure 4b shows that the resistivity value increased further above 50 k� cm for all
LC3 concretes by 28 days. The range of values for LC3 concretes was between 50
and 250 k� cm. On the contrary, FA30 concretes had a resistivity range between10
and 50 k� cm.
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Fig. 4 Range of resistivity values for the two binder types at a 3 days and b 28 days

3.5 Microstructure

All concrete made with LC3 binder showed an early rise in resistance in the ionic
transport, confirming the significance of microstructure development of the binder
phase. Figure 5 shows the pore size development (as measured by mercury intrusion
porosimetry) inLC3 andFA30paste at 7 days of curing age. LC3pastewith allwater–
binder ratios showed a significant reduction in critical pore sizes as early as 7 days
as seen in Fig. 5a. The critical pore size of FA30 binder reduced drastically across
all water–binder ratios between 7 days of curing indicating the delayed interaction
of fly ash in refining the capillary porosity.

(a) Pore sizes of LC3 at 7 days (b) Pore sizes of FA30 at 7 days

Fig. 5 Pore sizes of FA30 and LC3 at 7 days and 28 days
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4 Conclusion

Limestone-calcined clay can be used as an admixture for a range of structural grade
concretes with the required strength and durability parameters. The assessment of
strength and durability of concretes prepared with LC3 and FA30 binders showed
the following trends:

• Strength development in LC3 and FA30: LC3 specimens showed consistent
strength development even at high water–binder ratio, whereas FA30 specimens
showed a low rate of strength development at water–binder ratio above 0.45. The
early strengths of LC3 specimens for all binder contents were higher than FA30
counterparts. Major strength evolution takes place at an early age in LC3 system
as opposed to FA30 concretes. LC3 consisting of 50% clinker content can be
efficiently utilised to make structural grade concretes with conventional mixture
proportioning schemes.

• Surface resistivity development in LC3 and FA30: The surface resistivity values
of LC3 specimens varied between 50 and 200 k� cm, while the resistivity values
of FA30 specimens varied between 10 and 80 k� cm. This indicates that LC3
specimens offer more resistivity to the ingress of ionic species such as chlorides
and sulphates. The significant importance of the binder composition on resistivity
development was identified from a consistent increase in resistivity by 7 days,
indicating that calcined clay gains control and has a prominent impact on concrete
properties at an early age. In fly ash concretes, a similar increase in resistivity was
observed only between 28 and 90 days due to the delayed interaction of the fly
ashes despite modification in concrete mixture proportioning.
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Properties of Calcined Clay-Based
Geopolymer Mortars in Presence
of Alccofine Powder and Recron Fiber

N. B. Singh, S. K. Wali, S. K. Saxena and Mukesh Kumar

Abstract Geopolymer mortars were prepared by treating calcined clay (CC) with
sodium hydroxide and sodium silicate solutions in the presence of alccofine powder
(AF) and recron fiber (RF). Alccofine powder increased the compressive strength
of geopolymer mortar due to increased geopolymerization and filling of the pores.
Recron fiber on the other hand decreased the strength. This was due to water absorp-
tion by the fiber. SEMwas used to study themorphology. Rapid chloride permeability
test showed that geopolymer mortar in the presence of AF is much more durable as
compared to other mortars in the absence of AF. Durability of mortars in sulfuric
acid indicated that geopolymer mortar containing AF is quite durable as compared to
that containing RF. The overall results have shown that calcined clay of high surface
area on reaction with concentrated NaOH (14 M) in the presence of AF gives mortar
of high strength even at room temperature curing.

Keywords Calcined clay · Geopolymer mortar · Alccofine powder · Recron fiber ·
Durability

1 Introduction

Portland cement (OPC) is one of the most important ingredients of concrete, the
most important construction material. OPC manufacture emits considerable amount
of CO2 gas in the atmosphere. There are number of ways to reduce CO2 emissions
from cement industry. One of themost important ways is to use geopolymer cements.
When aluminosilicate (Al2O3–2SiO2)-based materials are allowed to react with con-
centrated alkali hydroxide and alkaline silicate solutions, geopolymers are formed
[1–4]. These have amorphous to semi-crystalline three-dimensional aluminosilicate
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framework structures formed by the combination of [SiO4]4− and [AlO4]5− tetra-
hedra [5]. In general substances like metakaolin (MK), fly ash (FA), rice husk ash
(RHA), granulated blast furnace slag (GBFS) and red mud (RM) contain aluminosil-
icate materials, which when allowed to react with concentrated alkali hydroxide and
alkali silicate and cured at about 90 °C, form geopolymers. FA and GBFS are more
frequently used precursors for the preparation of geopolymers, but the availability
of these materials is much less as compared to the demand. Therefore, attempts are
being made to find some alternative materials. Raw clays (RC) are reported to be
an alternative precursor. RC, when heated between 750 and 850 °C, is converted to
calcined clay (CC) and shows higher reactivity when treated with alkaline solutions
[2]. It is further reported that if CC is converted to higher surface area by grinding, the
process of geopolymerization is enhanced [5]. In general, the strength development
in geopolymer mortars is enhanced in the presence of certain fine materials. Com-
bination of suitable precursor, fine additive and optimum concentration of alkali
solutions can give high compressive strength even at room temperature. To save
energy and improve mechanical properties of geopolymers, detailed investigations
in the presence of fine additives on room temperature curing are important [6].

In this paper, raw clay was converted to calcined clay and ground to fine powder
of different Blaine. Calcined clay when allowed to react with NaOH/Na2SiO3 in
the presence of alccofine powder (microfine material based on low calcium silicate
slag) (AF), high compressive strength geopolymer mortar was obtained on room
temperature curing. The mortar was found to be quite durable in acidic atmosphere.
However, in the presence of recron fiber (RF) (polyester and polypropylene monofil-
ament fiber), the compressive strength and durability were decreased. The results
have been discussed in detail.

2 Experimental

2.1 Materials

Raw clay was taken from Shriram Minerals, Bhuj, Gujarat India. Alccofine powder
(ultrafine slag) (AF) is a microfine material was obtained from Ambuja cement ltd,
Mumbai, by grinding of GGBFS in closed circuit vertical roller mill. It was stored
in a set of twin cyclone and named as alccofine powder (AF). Due to high content of
SiO2, it acts as pozzolanic material. Being fine powder, it acts as filler also. It is not
hydraulic. Sodium hydroxide (NaOH) (SH) and sodium silicate solution (Na2O =
16.84%, SiO2 = 35.01% and water = 46.37% by mass) (SS) were used as alkaline
liquid. The Ennor sand, a brand name of Tamil Nadu Corporation, India, was used.
Recron 3S fiber (RF) (polyester and polypropylene monofilament fiber), made from
polymerization of pure teraphthalic acid and mono ethylene glycol using catalyst, a
reinforcingmaterial in construction industry, was procured fromReliance Industries,
India. The chemical composition of raw clay, calcined clay andAF is given in Table 1.



Properties of Calcined Clay-Based Geopolymer Mortars … 761

Table 1 Chemical composition of raw clay, calcined clay and alccofine powder (%)

Compounds SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 Na2O LOI

Raw clay 47.34 36.58 3.60 12.37 0.00 0.03 0.00 0.08 –

Calcined clay 61.93 22.95 3.22 10.12 0.00 0.01 0.02 0.11 1.2

Alccofine
powder

32.84 22.00 2.50 36.10 4.00 0.74 0.30 0.34 0.49

Calcination of raw clay was done between 750 and 800 °C in a rotary kiln for
15–20 min. Calcined clay was ground to obtain powders of different Blaine surface
area.

2.2 Mix Design

Molds with size 7.5 × 7.5 × 7.5 cm3 were made. Mortars using calcined clay were
made with Ennor sand. First, they were dry mixed for 1 min and then with alkaline
activator (14MNaOH+Na2SiO3) for another 1 min. Themixes were put into molds
and vibrated with vibrating machine for 2 min with RPM 12,000 ± 400. The cubes
were then demolded after 12 h. Compositions of different mixes are given in Tables 2
and 3.

All the experiments were carried out by taking calcined clay of Blaine area
591 m2/kg in the presence of 14 M NaOH (Table 4).

Table 2 Calcined clay (different Blaine)-based geopolymer mortars (g)

Mix
detail

Calcined
clay (CC)

Ennor
sand

Specific
gravity of
CC

Blaine of
CC
m2/kg

Na2SiO3 NaOH Extra
water

Mix-1 200 600 2.63 487 80 40 0

Mix-2 200 600 2.90 529 80 40 0

Mix-3 200 600 2.84 591 80 40 0

Table 3 Geopolymer mortar mix with Ennor sand (g), fiber and AF

Mix detail Calcined
clay

Ennor
sand

RF Alccofine
powder

Na2SiO3
a NaOHb

14 M
Extra
water

Mix-4 200 600 0 0 80 40 0

Mix-5 200 600 0 64 80 40 10 ml

Mix-6 200 600 2 0 80 40 10 ml

Mix-7 200 600 2 64 80 40 10 ml

aSodium silicate was 10%, and
bSodium hydroxide was 5%
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Table 4 Compressive strengths of different mixes in sulfuric acid

Mix No Compressive strength at RT
curing 28 days (Mpa)

Compressive strength after 24 h in
5% Sulfuric Acid (MPa)

% wt loss

Mix-4 52.4 40.3 23.1

Mix-5 77.6 73.1 5.8

Mix-6 45.8 34.2 25.3

Mix-7 71.1 64.0 10.0

2.3 Methods

Setting times and compressive strengths of geopolymer mortar (1:3) (Mix-4–Mix-7)
cured at 27 ± 2 °C for different periods were measured. Rapid chloride permeability
test (RCPT) was performed as per ASTM C 1202.

Calcined clay-based geopolymer mortar specimens of 28 days room temperature
curing were immersed in 5% sulfuric acid for 24 h, and compressive strengths were
measured. SEM pictures of selected samples were also taken.

3 Results and Discussions

Compressive strengths of geopolymer mortars made from calcined clay of different
surface area and cured for 28 days at room temperature were determined. The results
showed that compressive strength increased with increase of surface area of calcined
clay, and the values were highest when surface area was highest (591 m2/kg). There-
fore, detailed investigations were carried out by taking calcined clay of 591 m2/kg
surface area only.

Both the initial setting time (IST) andfinal setting time (FST)decreased in the pres-
ence of AF (Mix-5) indicating that it accelerates the process of geopolymerization.
Setting of geopolymers is related with the early formation of sodium aluminosili-
cate hydrate gel, and this gel at later stages is responsible for strength development.
Setting time of geopolymer depends on several factors such as composition of the
precursor, alkaline solutions and their concentrations, silica modulus, Na2O content,
w/s ratio, curing temperature and heat liberated during geopolymerization [7]. Dur-
ing the setting period in alkaline medium, dissolution of alumina and silica from the
precursor takes place. During the process of setting, nucleation, gel formation and
growth occur. Dissolution and polycondensation occur simultaneously. However, at
the end, the major reaction shifts to polycondensation. In the presence of RF alone
(Mix-6), setting times (IST & FST) increased and became almost equal to that of
Mix-4. It appears that RF plays a very little role in the geopolymerization process.
However, when both AF and RF were added, the setting times were found to be
the lowest. This indicated that AF in combination with RF enhances the process of
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geopolymerization. This may be due to surface area, morphology and heat evolution
during the process of geopolymerization.

In the presence of alkalies, the dissolution and hydrolysis of aluminosilicate
materials can be schematically expressed by the Eqs. (1) and (2) [8].

Al2O3 + 3H2O + 2OH− → 2
[
Al(OH)4

]−
(1)

SiO2 + H2O + OH → [
SiO(OH)3

]−
(2)

The condensation reaction between [Al(OH)4]– and [SiO(OH)3]– may be written
by the Eqs. (3) and (4) [9].

(3)

(4)

The optimum compressive strength is obtained when the NaOH is sufficient to
ensure a charge balance for the substitution of tetrahedral Si by Al. In the present
case, this optimum compressive strength appears to be at 14 M NaOH.

The compressive strengths of different mixes at different curing times are shown
in Fig. 1. The results show that compressive strengths increased with curing time in
all the mixes. In the presence of AF (Mix-5), the compressive strengths were found
to be much higher at all the times as compared to that without AF (Mix-4). It appears
that AF increases the geopolymerization and also fills the pores. Due to filling of
pores, the matrix of the specimens became dense.

In the presence of RF (Mix-6), the compressive strengths decreased considerably.
It is just possible that in the presence of RF, porosities are created, and the strength is
decreased. Short hybrid polymeric fibers added to geopolymer mortars also reduced
the compressive strength. The influence of fibers in geopolymer depends on quan-
tity and properties of fiber, nature of geopolymer precursors, curing temperature
and curing duration. However, fiber/matrix interface plays an important role in the
mechanical properties of composite structures. Mix-7 containing both RF and AF
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Fig. 1 Compressive strength of different mixes at different intervals of time

showed higher compressive strength. This indicated that AF enhanced the geopoly-
merization and decreased the porosity. As a result, the compressive strength ofMix-7
is much higher than that of Mix-6.

SEM pictures of different geopolymer mortars (Mix-4–Mix-7) are given in Fig. 2.
SEM picture of Mix-4 (Fig. 2a) shows blocks of geopolymers separated from each
other, whereas SEM picture of Mix-5 shows lot of smaller particles distributed in the
structure (Fig. 2b). These particles may be of AF, and as a result, the compressive
strengths are high. The SEM picture of Mix-6 containing RF (Fig. 2c) shows porous
structure with small fibers distributed in the structure. The porosity of the structure
may be the reason for decrease of compressive strength. The SEM picture of Mix-
7 (Fig. 2d) shows comparatively compact structure as compared to that of Mix-6.
Because of this, the compressive strength of Mix-7 is higher than that of Mix-6.

RCPT was conducted on all the mixes (Mix-4–Mix-7), and the values are given
in Fig. 3. It is noted that less amount of charge passed through geopolymer mortar
with AF (Mix-5) than that of geopolymer mortar without AF. This indicated that
the diffusion coefficient was less due to dense structure in AF modified geopolymer
mortar, thereby improving the durability. Highest amount of charge passed through
geopolymer mortar containing RF (Mix-6). The results suggested that mortar with
AF (Mix-5) is much more durable as compared to other mortars.

Effect of 5% sulfuric acid on the durability of mortars. Effect of 5% sulfuric
acid on the compressive strength is given in Table 4. Results show that the minimum
loss in compressive strength (5.8%) is in the case of mortar containing AF (Mix-5),
whereas the maximum loss in compressive strength (25.3%) is in the case of mortar
(Mix-6) containing RF. In other words, it can be said that AF decreases the pore size
and number of pores making the mortar more compact, whereas RF increases the
pore size, and as a result, the diffusion of sulfuric acid in the mass increases and
deteriorates the structure.
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Fig. 2 SEM pictures of a MIX-4 bMIX-5 c MIX-6 d MIX-7

4 Conclusions

Calcined clay-based geopolymer mortars in the presence of AF and RF were made
at room temperature. Geopolymerization process increased with increase of surface
area of CC. Compressive strength increased in the presence of AF. AF being very
small in size enhanced the geopolymerization and entered in the pores giving high
compressive strength and high durability. Recron fibers absorb water and become
porous, increase porosity, and as a result, the compressive strengths and durability are
decreased. Room temperature cured clay-based geopolymer mortar in the presence
of AF may offer several economic and environmental benefits over Portland cement
mortars. It can be inferred that clay of high surface can be a suitable precursors for
making geopolymer mortar of high strength on room temperature curing.
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Fig. 3 RCPT test of various mixes
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Calcined Clays and Geopolymers
for Stabilization of Loam Structures
for Plaster and Bricks

Klaus-Juergen Huenger and David Kurth

Abstract Loam is a very ecological building material with a great potential. It is
found worldwide and completely recyclable. Under dry conditions, loam develops
high strength values. However, loam is not moisture-resistant. Permanently acting
moisture reduces the strength dramatically. The idea to improve the water resis-
tance of loams is adding materials to the loam with the same basic structure. There-
fore, metakaolin, calcined clay, here, so-called metaclay and a specially developed
geopolymer were selected. Blends of four different loams with different amounts of
these additives were produced and tested. Criteria for an evaluation are the dynamical
modulus of elasticity and the water resistance. These studies were supplemented by
structural investigations using a light and a scanning electron microscope and XRD.
The results are very interesting, and the effects depend strongly on the kind of loam
too. Not all additives lead to an improvement of the mechanical properties. Nev-
ertheless, not the samples with the highest mechanical values show the best water
resistance behavior. Obviously, a balanced structure between loam and additive par-
ticles is necessary. Such structures are not so dense but enough resistant to water
to guarantee the positive property of fast water absorption and delivery of natural
loams. The service lives of the loam prisms could be increased from certain minutes
to several days. The best results are obtained with geopolymer-based materials as an
additive. This is not so surprising because both the loam and the geopolymer form
aluminosilicate structures during hardening.

Keywords Loam bricks · Geopolymer · Calcined clays ·Water resistance ·
Service live

1 Introduction

Loam is an ancient building material and was used over the millennia all over the
world. The reasons therefore are very simple, because loam has many positive prop-
erties. Loam can be found in all regions of the world, requires little energy for
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production and processing and is completely recyclable. Under dry conditions, loam
develops high compressive strength, and the tensile strength can be improved by addi-
tion of fibers. Fat loam can be emaciated by the addition of sand or other aggregates.
The production of insulation materials is possible too by the addition of lightweight
aggregates to the mixtures. It is logical that not somuch literature exist. Some patents
[1, 2] deals with the improvement of loam properties by the addition of cementitious
materials. The focus here was to increase the strength, of course, the water resistance
and other durability values. Already in [3], mixtures between loam and concrete
to attach airfields and temporary roads were investigated. However, this is not the
favorite solution for the loam worker today.

It is to take into account that loam has an important negative behavior, namely
it is not moisture-resistant. Permanently acting moisture reduces the strength dra-
matically. Most of all discussed solutions and materials added to the loam to solve
this problem lead to a compression of the natural loam structure. Needless to say is
that the addition of cement to loam and vice versa give problems in the workability
of mortars and concretes. Additionally, a further point of view is that ecologically
orientated people will not accept a combination between loam and cement. Another
research direction was described in [4], namely the stabilization of clay structures
by the addition of natural polymers and wood fibers.

That is why the idea was born to combine materials with approximately the same
basic structure elements. Loam is a natural mortar and consists of clayminerals as the
binding part and quartz grains with different sizes as a structural scaffold. Clays have
aluminum and/or aluminosilicate structures, which can form sheets and networks.
The hardening process bases on physical interactions to form van derWaals bonds. If
moisture escapes, the particles can be very close to each other. On the other hand, if
moisture is taken again, the structures can swell and the distance between the particles
is increased. The influence of water and moisture is not a chemical dissolution but a
physical destruction process.

The search for materials, which are available and from a structural point of view
suitable too, results in testing of geopolymers and other similar substances. There is
not so much information on this combination in the literature. In [5], a combination
of hydrothermal burnt clay with a lightweight aggregate was discussed to form clay
bricks with an improved insulation behavior. The aim “strong and heat insulating”
could be reached. In [6], a combination of loam with other additives is mentioned.
For these investigations, an activated loam, called as an aluminosilicate compound,
was mixed with different mineral additives to improve mechanical and durability
properties. The activated loambinder ismade upof clay and a reactive aluminosilicate
compound, namely a geopolymer produced with metakaolin and a highly alkaline
solution. In comparison with a conventional loam, the activated loam binder has
achieved a higher strength and water resistance while maintaining the water vapor
permeability. Exactly, this is the aim of this research project, however, without any
use of highly alkaline activator substances (sodium hydroxide).
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2 Materials Used

The investigationswere performedwith four different loams. Loam1 (L1) is a swamp
loam with a medium to strong binding behavior. Loam 2 (L2) is a glacial loam with
a high amount of sand and silt, loam 3 (L3) is a loess loam with a relatively high
lime content and loam 4 (L4) represents a sandy loam with a high amount of quartz
and feldspars. Because of the different formations, the loams have also different
compositions (chemical and mineralogical composition, grain sizes and grain size
distributions).

The following Tables 1 and 2 give an overview on the chemical and mineralogical
compositions of loams selected for the investigations. Figure 1 shows the distribution
curves of grain sizes of the loam materials; differences between the loams can be
clearly seen. Dry material was measured what means that agglomerates may have
formed.

An important criteria of the loams used here is the grain size distribution, and it
gives information on the contents of sand, silt and clay particles.

Data of the geopolymer, metakaolin and metaclay used as special additives are
summarized in Table 3.

All additives are very fine grained, and therefore, they should contribute to the
density increase of the loam samples.

Table 1 Chemical composition of loams chosen

Charge L1 (wt%) L2 (wt%) L3 (wt%) L4 (wt%)

SiO2 64.39 84.17 77.01 81.55

Al2O3 16.16 7.76 10.89 10.16

CaO 0.98 0.31 0.60 0.17

Fe2O3 6.90 2.77 3.95 1.21

MgO 1.28 0.43 0.78 0.37

Na2O 0.66 0.44 0.86 0.11

K2O 2.06 1.66 2.47 1.73

TiO2 0.91 0.47 0.81 0.81

Loss on ignition 6.66 2.01 2.62 2.62

Table 2 Mineralogical composition of loams chosen

Charge L1 (wt%) L2 (wt%) L3 (wt%) L4 (wt%)

Quartz 37.5 69.1 54.5 64.8

Clay 32.5 13.3 17.2 20.5

Feldspar 17.8 13.5 21.9 11.1

Oxide 8.8 3.9 6.2 2.5

Carbonate 2.7 0 0 0
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Fig. 1 Grain size distribution of loams investigated

Table 3 BET-surfaces of
additional components

Additive A (m2/g) Density (g/cm3)

Metakaolin (MK) 18.94 2.605

Calcined Clay (MT) 14.73 2.615

Geopolymer (GP) 30.40 2.17

3 Performance

Samples for the investigations contain certain amounts of loam and additives. Of
course, pure loam samples were also produced. The ratio loam/additive was varied
between 10/1, 5/1 and 3/1. The last relationship is based on a typical mortar com-
position; however in difference to this, all components are binder materials, and the
aggregate is the quartz content of the loam. The selected Si/Al ratio of the geopoly-
mer is 2/1 and based on preliminary investigations to create a geopolymer mortar
for special uses [7]. The geopolymer consists of two components, a siliceous residue
with a high reactivity and an aluminate substance from the detergent production. The
Si component accumulates as a slurry with a defined water content. In contact with
the water from the slurry, the aluminate component reacts to an alkaline solution, in
which the Si part can be dissolved. The result is the formation of an aluminosilicate
network, a little bit similar to the loam structures. This formation process can be
determined by using NMR investigations. Figure 2 shows the structure development
of the geopolymer compound.

The metakaolin used is a common material called PowerPozz. It consists of
approximately 55 wt% SiO2 and 41 wt% Al2O3. The metaclay material is a mixture
of two clays with different compositions. It was burnt at 650–680 °C in a rotary kiln.
Characteristical values are summarized in [8].

The production procedure consists of several parts. In the first step, the loam and
the aluminate component are mixed, grinded and homogenized dry. Because of the
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Fig. 2 NMR investigation results to demonstrate the different structures formed at different times
in the geopolymer compound

fact that the siliceous component is a suspension with a certain water content, the
dry compound was added to the slurry, and both were intensively mixed. Based on
a brick technology for roof tiles, the material was pressed to 5–10-mm-thick plates
with a defined shape. The pressure was 80 kN, converted to the test specimen surface
20 N/mm2. The so-produced samples can be seen in Fig. 3.

This is what all test specimens look like. They are the basis for the further
investigations.

Fig. 3 Loam samples produced in the laboratory
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Fig. 4 Development of the modulus of elasticity of loam samples (left original, right 10/1)

4 Results

4.1 Dynamical Modulus of Elasticity

Figure 4 shows the results of the development of the dynamical modulus of elasticity.
The values were determined by using a nondestructive method called Grindosonic.
There are differences between the loam samples because of their different compo-
sitions. It can be observed that an addition of geopolymer in a ratio 10/1 leads not
in all cases to an increase of the modulus. L2 indicates a raise, L4 even a decrease.
Loam L3 produced with a ratio of 3/1, what means a higher amount of geopolymer
in the mixture, gives a strong increase of the modulus. Loam–metakaolin and loam–
metaclay mixtures have a lower strength in general in comparison with the starting
materials. The results are very complicated and cannot be clearly discussed in this
way that an addition of geopolymer or other additives leads under all conditions to
an improvement of mechanical properties. However, this was not also the aim of the
investigations.

4.2 Water Resistance

The German standard DIN 18945 from 2018 contains requirements for the water
resistance depending on the use of loam bricks. There are different test methods to
determine the water resistance. One of them is the so-called immersion test. Geomet-
rical defined samples are stored in a water bath so that the water has always contact
to the sample. The samples soak up the water until destruction. Bricks, which should
be used outside, have to withstand this procedure for at least 10 min.

Soak investigations were performed with many samples and with different com-
positions. The time until destruction was measured automatically. The experimental
setup is shown in Fig. 5. Some samples especially the original ones were destroyed
after a very short period of time; in general,mixtureswith additives stand longer. Very
good results were obtained with an addition of geopolymer in a ratio 10/1 loam:GP
(in Fig. 6 marked with I). The ratio 5/1 (in Fig. 6 marked with II) gives good results
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Fig. 5 Investigation setup for the determination of the water resistance
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Fig. 6 Resistance against water uptake (the time of standing is shown)

for the standing time of loam L2, but the suction height here is too large. The ratio 3/1
loam:GP (III) provides the worst results, what is a little bit surprising. Metakaolin
and metaclay are not so suitable because of the fact that such materials cannot lead
a contribution for the structure formation process under neutral loam conditions.

Figure 6 summarizes the results. In this figure, the time of standing of the different
mixtures is shown.MK stands for metakaolin,MT for metaclay. I, II and III represent
the ratio between the loam and the additives, respectively (I = 10/1; II = 5/1; III =
3/1).
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4.3 Structural Investigations

The question here is: Is it possible to find reasons for the observed water resistance
behavior? XRD and SEM investigations were made to determine the mineralogical
compositions with and without addition of Geopolymer. SEM investigations were
performed to describe the structure of loam samplesformed.

Differences between the loam compositions were already mentioned in Tables 1
and 2 in Sect. 2. Changes of loam or clay structures shall only be demonstrated with
L2 as an example. The next, Fig. 7 contains XRD pattern of L2 with geopolymer
(10/1) at the beginning, after 14 and 28 days of reaction. The pattern demonstrates the
decrease of 2-, 3- and mixed layer clay minerals. However, it can clearly be seen that
a broad peak is formed during the reaction between loam and GP. The interpretation
is not so clear; it could be a zeolite or an intercalated layer silicate (illite, vermiculite).
In both cases, obviously this phase leads to a stabilization of the loam structure L2.

SEM investigations support this result. Figure 8 documents the structure of L2
with GP under 1100×Mag (left) and under 3000×Mag (right). In the right picture,
swelling clay structures (in the middle) can be observed, what indicates that the XRD
pattern can be interpreted in this direction.

Fig. 7 XRD investigation results of L2 during reaction with geopolymer (L2/GP = 10/1)
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Fig. 8 SEM micrographs of loam–GP samples (here L2/GP = 10/1)

5 Conclusions

1. Loam as an ancient building material and a special geopolymer as a new one can
be mixed to create stabilized loam structures.

2. The properties depend on the loam (composition and grain size) and, of course,
on the geopolymer (here, Si/Al ratio).

3. Important is to guarantee that only water is added to the system because of the
ecological basis of the loam material.

4. Best results for structure development, modulus of elasticity and water resis-
tance are obtained with a glacial loam (L2) in combination with a geopolymer
(Si/Al = 2/1) with a ratio of 10 parts loam to 1 part geopolymer.
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The Dissemination of the Technology
“LC3” in Latin America. Challenges
and Opportunities

Fernando Martirena and Adrian Alujas

Abstract The technology for themanufacture of a ternary cement based on Portland
cement, calcined clay and limestone has gained interest in the region Latin America.
Several cement companies have embraced the technology, and many of them are
moving toward industrial production within the next 2–3 years. The introduction
process must overcome a series of challenges associated with: (i) the choice of clay
deposits rich in kaolinitic clays that are accessible to cement plants. Depending on
the geological origin, several accompanying mineral can come with the clay, and
some of them can compromise the reactivity of the activated clay; (ii) the choice
of technology for clay calcination. Since this is a CAPEX dependent issue, each
company has its own strategy for implementing the technology. The main trends are
refurbishing old clinker kilns to convert them into calciners; opting for rotary kilns
for the calcination and alternatively for flash calciners; (iii) The grinding strategy,
which can opt for separate grinding or co-grinding, each with benefits and setbacks.
Issues like grinding aids can be crucial in terms of achieving the best particle size
distribution and avoiding excess grinding of some components and (iv) The strategy
for the use of the ternary cements in mortar and concrete. The high specific surface
of the calcined clays poses a challenge to the manufacture of concrete, since water
demand is high. The strategy for the use of plasticizers differs from ordinary practices
with Portland cement, but good flowing concrete can be achieved with a relatively
high amount of calcined clay in its cement. Most of the results discussed in this paper
are produced through the interaction of the Cuban Technical Resource Center with
clients in the region.

Keywords Manufacture · Cement · Investment costs · Grinding · Calcination
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1 Introduction

Cement demand inLatinAmerica (SouthAmerica, includingBrazil, CentralAmerica
and the Caribbean) exceeds 250 million tonnes per year; this demand is planned to
grow to 350–400 million in 2050 [1].

Cement production in the region was around 120 million tpy in 2016. Average
clinker factor in the region is around 68–69%, and the main supplementary cemen-
titious materials (SCM) used are limestone, fly ash, slag and natural pozzolans [2].
Carbon emissions in the region are close to 70million tonnes per year, approximately
14% of global CO2 emissions in the cement industry [2].

The availability of SCM will decrease in the forthcoming years in the region,
especially fly ash and slag. New alternatives will have to be sought to keep the
current clinker replacement levels [3].

Kaolinitic clays are widely available in vast regions of the continent, often coin-
ciding with limestone reserves [4]. Many companies in the region have started to
consider moving to the production of a new type of ternary binder known as lime-
stone calcined clay cement “LC3” to cope with the challenge of low availability of
SCM. This paper will discuss some of the issues related to the dissemination of the
technology in the region.

2 Challenges in the Introduction of the Technology

2.1 Identifying the Clay Deposit

Kaolinitic clay deposits are abundant in the region; however, they must fulfill certain
conditions. LC3 does not require a high purity clay for reasonably good results; thus,
a minimum content of kaolinite clay minerals of 40% has been proposed by several
authors [5–7], based on the minimum content of reactive material needed to achieve
a mechanical performance comparable to OPC by a 30% substitution of OPC by
calcined clay.

Afirst screeningof candidates canbemadeby comparingmineralogical and chem-
ical composition. Chemical composition is easier to use when dealing with most of
the existing local geological databases, due to the fact that they often include quanti-
tative chemical composition of sampling points, while just qualitative mineralogical
description is offered in most cases.

Minerals of the kaolinite group are distinguished from other clay or non-clay
minerals by their high contents of Al2O3, high Al/Si ratio, relatively high lost of
ignition (LOI), associated with the dehydroxylation process of the clay minerals
and low alkali content, since these elements are normally eliminated during primary
kaolinitization process [8, 9]. The relation between the above-mentioned chemical
parameters and the content of clay minerals from the kaolinite group, calculated on
dry weight basis, is depicted in Fig. 1. From this comparison, the following chemical
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Fig. 1 Relationship between chemical composition and content of clay minerals from the kaolinite
group

constraints could be established for the selection of a suitable kaolinitic clay likely
to contain at least 40% of kaolinite clay minerals:

• % Al2O3 > 18.0,
• Al/Si > 0.3,
• % LOI > 7.0,
• % Na2Oeq < 3.0.

It is important to point out that, for a successful selection process, all the above-
mentioned criteria should be fulfilled as a whole, and not just individually.

2.2 Choice of the Calcination Technology

Calcination of kaolinitic clay should guarantee a total dehydroxilation of thematerial.
This process takes place at a temperature range between 350 and 650 °C; however, for
industrial purposes, the kiln operates at slightly higher temperatures, always below
950 °C, when recrystallization occurs [10, 11].
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Table 1 Options for calcination technology

Advantage Disadvantage

Refurbished clinker rotary
kilns

Low CAPEX Low efficiency
Little flexibility fuels
Difficult to control color

Clay rotary calciners Attractive CAPEX
Reliable technology Possible
to control color
High productivity

High maintenance costs

Flash calciners High energy efficiency
Good use of space

High CAPEX
Low productivity

Fluidized bed boilers High homogeneity No commercial technology
available

There are technological options available. Table 1 presents some of the current
alternatives evaluated in some of the ongoing projects. Preparation of the raw mate-
rials is crucial in terms of the choice of technology; for rotary kilns, for instance, the
material demands little preparation, and it can enter the kilnwith a 20%moisture con-
tent and in clumps of up to 50mm. In flash calciners, the material must be completely
dried and grounded to a maximum size of 150 µm. This has an impact on CAPEX,
because the equipment for preparation is expensive and the energy consumption is
relatively high.

2.3 Grinding Strategy

Multicomponent grinding is a great challenge for cement production. Softermaterials
such as calcined clay and limestone can get ground finer, while harder components
such as clinker can be ground coarse, thus limiting the reactivity and increasing water
demand.

For co-grinding, the use of grinding aids is verymuch recommended, and there are
reports of their impact on particle size distribution and also on strength of mortars
[12, 13]. Separate grinding is also recommended. A common practice is to grind
calcined clay, limestone and gypsum together, to produce a mineral addition called
“LC2”. It can be blended on the site or readymix plant directly with Portland cement.

2.4 Water Demand in Concrete

The production of concrete with binders containing calcined clay has to overcome
the challenge of the higher water demand caused by the high specific surface of the
calcined clay [14]. Practical experiences prove that chemical admixtures of the family
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Poly Carboxylate Ether, PCE, work very well with concrete made with LC3 cement.
Practical trials made with concrete prove that despite the increase of consumption of
superplasticizer, flowable concrete can be produced.

3 Applications of LC3 in the Region

Industrial trials for the industrial production of LC3 or LC2 have taken place in Cuba
(Cementos Siguaney 2013 and Cementos Siguaney 2018) [15], India, in 2017 [16]
and Guatemala 2018. Kaolinitic clays used have had an average kaolinite content
around 40–55%. Figure 2 presents some results of strength in standardmortars which
are carried out, and the reference values of the standards for general use cement (GU)
and high early strength cement (HE). As a general trend, most LC3 cements produced
comply with prescriptive values for high early strength cements (HE), despite its low
clinker content, under 50%.

Concrete trials made with LC3 also prove that it is possible to produce high-
strength concrete (Strength > 45 MPa at 28 days) with a cement having less than
50% of clinker. Table 2 presents some of the results obtained.

LC3-50
2:1 CUB

LC3-50
2:1 GUA

LC3-50
2:1 ECU

LC3-50
2:1 IND

Standar
d GU

Standar
d HE

3d 12.50 22.12 19.96 25.00 13.00 11.84
7d 22.50 33.56 34.14 35.00 20.00 23.67
28d 42.08 40.61 41.12 46.00 28.00
% clinquer 47% 50% 50% 50%
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Fig. 2 Compressive strength results in standard mortars (EN-196) made with cement produced in
industrial trials
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Table 2 Strength in concrete made with LC3 produced at industrial trials

Cement
(kg/m3)

SP (%) Water/cement Slump
(cm)

Str. 7d
(MPa)

Str. 28d
(MPa)

ECU
concrete

412 2.00 0.34 7.50 26.57 47.00

CUB
concrete

410 1.5 0.45 16.00 30.63 39.93

GUA
concrete

290 2 0.4 7.00 39.59 53.37

IND
concrete 1

400 0.7 0.4 19.00 39.2 44.7

IND
concrete 2

450 1.2 0.3 20.00 45.4 61.7

Source Results of trials in Cuba, Guatemala (Cementos Progreso), India (Indian Institute of
Technology Madras, and Ecuador (Cementos Atenas)

4 Conclusions

Sustainability of cement production and use in Latin America demands decreasing
clinker content in cement. The combined use of calcined clays and limestone presents
as an attractive alternative to achieve this. There are large reserves of kaolinitic clays.
The new cement LC3 shows a similar performance to traditional type I Portland
cement. Industrial trials carried out in Cuba, Guatemala and India prove the robust-
ness of the process and the possibility of adapting the existing equipment to the
production of the new cement.
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What’s Old Is New Again: A Vision
and Path Forward for Calcined Clay Use
in the USA

Kyle A. Riding and Abla Zayed

Abstract Calcined materials have a long history of use in concrete structures, with
some now over 80 years old. Beginning in the 1950s, by-product supplementary
cementitious materials (SCMs) began to replace natural pozzolans because of cost,
availability, performance, and benefits of reuse. Specifications, mix designs, and per-
formance data collected were built around an assumed continuous supply of these
recycled SCMs. SCM availability, quality, and cost, especially for fly ash, is now in
question. This has brought significant interest in alternative SCMs to provide dura-
bility in concrete structures. Calcined clay now appears to be a viable option going
forward for concrete mixtures in the United States, especially when combined with
ground limestone. This paper discusses the history of SCM use in the USA, potential
for calcined clay use in concrete in the USA, barriers to use, and a path forward to
overcome those barriers with only minimal changes in concrete specification, pro-
duction, and placement methods. This paper will also discuss options to apply these
and other potential strategies to other markets to speed adoption of concrete calcined
clay use.

Keywords Supplementary cementitious materials · Specifications

1 Calcined Clay Historical Use in the USA

1.1 Early Use

Early use of supplementary cementitious materials (SCMs) in Portland cement con-
crete in the USA began in the early 1900s principally to improve concrete durability
and reduce cost.
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A blended Portland-calcined Monterey shale cement was produced for several
decades by the Santa Cruz Portland Cement Co. in California [1]. It was used in
many highway structures in California and was used in the anchorage blocks of
the Golden Gate Bridge and San Francisco–Oakland Bay Bridge because of sulfate
resistance and low heat generation [1]. Recent inspections of the Golden Gate Bridge
showed some limited areas of delaminations of spalling and some abrasion erosion,
but overall in good structural condition [2]. An underwater inspection showed the
concrete to be in excellent condition, proving the durability of reinforced concrete
made with calcined pozzolans for harsh environments [3].

Much of the early pioneering work done on pozzolan use in massive structures in
the USAwas done by the USBureau of Reclamation (USBR). The USBR is a federal
water management agency that has been responsible for building and maintaining
many of the dams and hydropower stations in thewestern half of theUSA. TheUSBR
built many of their large dams between the 1930s and 1960s. Heat generation, sulfate,
and alkali-aggregate reaction (AAR) issues in thesemassive structures guided USBR
research, which led them to use over 350,000 tons of natural pozzolans [4]. Calcined
shale produced by the California Portland Cement Co. [5] was used in the Davis Dam
in 1950 and calcined diatomaceous clay was used in the Monticello Dam in 1957.
These calcined materials were used because they lowered the mixture cost and were
found to reduce AAR and permeability. Heat of hydration was found to be similar to
that of Class F fly ash, probably owing to the rather coarse grind used in the calcined
shale [4]. The calcined shale used in the Davis Dam was also used successfully in
concrete to line the San Jacinto Tunnel [1]. Calcined materials used in the 1930–
1950s were much coarser than modern materials. For example, the Bonneville Dam
Spillway used 25% calcined pozzolan in the mixture that had a minimum fineness
of 1800 cm2/g [1].

1.2 Shift to by-Product SCMs

SCMs began to be used not just for durability but for cost reduction. The introduction
of fly ash into the concrete industry in the 1940s ushered in an era of expectations for
cheap and plentiful fly ash in the USA. The first uses of fly ash in concrete in the USA
were in the Hoover Dam in a tunnel spillway repair in 1942 and in Hungry Horse
Dam from 1948 to 1952 [4]. Fly ash used in the Hungry Horse dam was shipped
from Chicago to Montana at a cost of half of that paid for the Portland cement used
in the project [1]. The seemingly endless supply of fly ash [4] and low cost led the
industry to view fly ash as a cheap instead of as a value-enhancing product. Coal-fired
power station numbers began to multiply and expand across the western USA in the
late 1960s and 1970s [4]. This reduced shipping costs even more and allowed early
adopters such as the USBR to begin routinely using it in projects. It began to displace
other materials such as natural pozzolans from the market because of the low cost
and abundance as the number and distribution of coal combustion electricity stations
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increased. It is estimated that today half of all concrete used in the USA contains fly
ash [6], with many specifications and approved mixtures requiring its use.

1.3 Modern Use of Calcined Clay

Asfly ash displaced natural pozzolans on the low-cost end of the SCMspectrum,most
of the calcined pozzolan use migrated to the high-performance end of the market.
Highly reactive metakaolin (HRM) is marketed for use in high-performance and
architectural concrete. HRM is made from clay sources with very high percentages
of kaolin and is purified using sieving, cycloning, or other separation technique to
remove sand, magnets to remove iron-bearing compounds and provide a material
with a high whiteness, calcined, and ground to a very small particle size [6, 7].
Durability of HRM-containing concrete has been shown to be excellent, but as a
premium product, HRM use has been lower than use before fly ash adoption.

Two companies in recent years have made calcined pozzolans for use in concrete.
The first companywas the LehighCement Company, thatmade a calcined shale in the
eastern USA from 1996 to 2004. This material was favored by precasters for helping
improve the concrete flow and finishing properties [8]. Production of this material
stopped, however, when production issues were encountered [7, p. 232]. Ashgrove
Cement Co. made calcined pozzolans around the same timeframe as the Lehigh
Cement Company in order to provide a material that could reliably mitigate alkali-
aggregate reactions. Ashgrove made IP cement commercially from three different
clay sources, but also suggested adding sulfates to the clay and using as an SCM
blended at the plant. They designed the calcined clay system to still have CH to
allow a user to add more fly ash to make the mix cheaper. All three clays showed
improved strength, ASRmitigation, and sulfate attack compared to control mixtures.
Permeability reductions with 25% mass replacement with these impure clays with
Al2O3 contents as low as 19.6% produced permeability values similar to what would
be seen with 10% silica fume [9]. Workability of mixtures made with these clays was
not significantly impaired, as evidenced by one project superintendent who stated
“The blended-cement concrete didn’t set as fast and required less special attention
because it finished more like ordinary concrete. Because of that, we didn’t need as
much labor to finish the concrete [10].” Eventually, production ceased because of
economic reasons during a time when fly ash was very low cost.

2 Need for Calcined Clay in the USA

Recent advances in hydraulic fracking technology have dramatically lowered the cost
of natural gas in theUSA.These competitive pressures, combinedwith environmental
regulation changes, havemade coal-fired electricity less profitable inmany locations,
leading to plant closures. For example, coal combustion in Virginia was reduced by
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50% between 2000 and 2016 [11]. The reduction in fly ash production has led to
regional price increases and shortages even when aggregate numbers appear to show
plentiful supply. This is especially true in the US southeast [12, 13]. Fly ash suppliers
are currently importing fly ash into some US markets from foreign sources and are
exploring use of landfilled fly ash. For example, in January and February 2019, fly
ash was imported into Florida from Turkey, Portugal, and Italy [14]. Even with these
imports, precasters in Florida are discussing rationing and changing mixture designs
away from fly ash because of shortages. Plants to reclaim landfilled fly ash for use in
cement production and concrete as SCMs have been built in South Carolina, North
Carolina, and Maryland [11]. Beneficiation plants will supplement the supply of fly
ash for the next couple of decades, but there is uncertainty as to how much is viable
for use in concrete and at what cost. Much of the fly ash that is impounded is mixed
with other materials such as bottom ash, or needs significant beneficiation to remove
carbon, ammonia, or other undesirable materials.

As fly ash impoundments are removed and coal combustion continues to decline,
alternative SCMswill be needed in some regions to provide durable concrete. Natural
pozzolans are one of the few materials available in sufficient quantities in the USA
to fill the gap that may be left by fly ash availability issues and cost increases.

3 Potential Calcined Clay Market Strategy for the USA

3.1 Material Availability

Volcanic natural pozzolans such as pumicite are available in thewesternUSA,making
them a likely source of SCMs in that portion of the country. In the eastern USA, non-
calcined natural pozzolans are not readily available. Fortunately, large deposits of
kaolin clay exist in theUS southeast, coincidentlywheremany of the fly ash shortages
are occurring. Georgia produces 89% of the kaolin clay in the USA, with South
Carolina producing 5.9%. This clay is found in the fall line centered around Macon,
Georgia in central Georgia, and western South Carolina. Other suitable sources such
as those used in the Midwest by Ashgrove Cement Co. and the mid-Atlantic region
by Lehigh Cement Co. are available.

Because of the onerous regulations and permitting process involved in starting a
new mine, the initial production of clay for pozzolan production will be simpler to
obtain from already existing clay mining operations. As part of the kaolin mining
process, clays that do not have the right color, size distribution, or purity level are
often stockpiled or impounded. Figure 1 shows an example of a waste clay pile in
the US southeast. A clay sample was recently obtained near the dam of a waste clay
lagoon near the waste clay pile shown in Fig. 1. TGA measurements of the clay
showed 66% kaolin content, sufficient to produce excellent calcined clay for use in
concrete. Reuse of this clay material would not only provide income from its sale,
but save the large cost of permitting and building additional lagoons in the future.
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Fig. 1 Active kaolin mine with waste clays identified

Another option in the US southeast is to separate clay fractions from sand deposits.
A recent study of Florida clay deposits at nine mines found that they were all mixed
with significant quantities of sand, with only 10–35% of the material passing a #325
sieve (>45 µm). Of the material that did pass the #325 sieve (<45 µm), 75–94%
was kaolin clay that showed satisfactory performance in concrete after calcination
[15]. Since these mines currently extract and sell the sand, it may be economical to
separate the two materials.

3.2 CCIL Concept

Themajority of concretemade in theUSA ismadewith cementitiousmaterials added
at the ready-mixed plant and not preblended at the cement plant. For example, in 2013
only 1.6%of all Portland cementmade in theUSAwas blended cement [16].Material
customization to match specific project needs, as well as specifications and allowed
materials that can differ significantly by owner, has led ready-mixed companies to
prefer keeping cementitious materials separate until the concrete is made. The one
exception to this is limestone fines. Cement companies are rapidly embracing use of
ASTM C595 Type IL cements with up to 15% limestone fines blended in. Type IL
cement production in the USA increased by 91% between 2012 and 2016 [17] and
has continued to increase rapidly since then. The cement plant closest to the authors
produces an excellent Type IL cement, and it is expected that in the near future Type
IL cement will be the most common cement type produced.
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The expanding availability of Type IL cement provides an opportunity to take
advantage of the improved strength and durability properties found in limestone
calcined clay cements (LC3) from the formation of carboaluminate phases [18], while
using the preferred method in North America of mixing the cementitious materials at
the ready-mixed plant. This will also assist in the market transition of calcined clay.
For example, an ASTMC618 Class N calcined clay could contain 95% calcined clay
and 5% gypsum, used at a 25% cement replacement rate by mass. For use with Type
IL cement, this combination of calcined clay—Type IL cement (CCIL) would give
a similar material composition to 2-1 clay-to-limestone blended LC3, as shown in
Table 1.

Mortar compressive strength tests were performed according to ASTMC109 [19]
for two different clays calcined at 850 °C in a benchtop electric furnace. Calcined
clay 1 (CC1) had a kaolin content of 33%, and calcined clay 2 (CC2) had a kaolin
clay content of 66%. Even without additional gypsum blended with the calcined
clay, CC2 showed significant improvement of strength when used with a Type IL
cement versus a Type I/II cement. CC1 did not have sufficient enough clay content
to meet strength requirements. Current work is underway to determine appropriate
methods for gypsum optimization for the calcined clay and its effects on strength
and durability when optimized for one Type IL cement and used with another Type
IL cement (Table 2).

Table 1 Example of CCIL
composition

Material (%)

Clinker 61.5

Limestone 10.5

Gypsum 4.25

Calcined clay 23.75

Table 2 CCIL mortar
compressive strength

Materials 7-day hydration
avg. strength (psi)

7-day percent of
control strength
(%)

Type IL 4600

Type I/II 4650

20% CC1, 80%
Type IL

3380 73

20% CC1, 80%
Type I/II

2680 58

20% CC2, 80%
Type IL

5460 119

20% CC2, 80%
Type I/II

3450 74
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While some producers may eventually choose to use LC3 because of expected
benefits of intergrinding and better sulfate balance, CCIL has some advantages over
LC3 for the US market. These advantages can be summarized as follows:

• US market prefers blending at the ready-mixed plant. Ready-mixed producers are
accustomed to blending materials and are familiar and comfortable with Type IL
cement and metakaolin. Calcined clay has a long history of use in the construction
of concrete structures with excellent field performance. Use of CCIL presents less
product specification, adoption, and perception barriers.

• Customizable blends for the application. CCIL can be formulated to allow for
the addition of fly ash for additional heat reduction or optimized for pumping.
Applications with concerns about carbonation-related corrosion can be adjusted
by decreasing slightly the calcined clay dosage to prevent complete portlandite
consumption.

• Avoids any patent issues or royalties.
• Extends the distance calcined clay can be transported profitably. Transporting only
25% of the cementitious materials from the source reduces shipping costs consid-
erably. Sufficient quality and quantities of kaolin clay may not be available near
already existing plants. Mixing at the ready-mixed concrete plant could eliminate
long-distance shipping from the mine to the cement plant and still allow for its
use.

4 Conclusions

Calcined clay has a long history of use in concrete construction projects in the
USA with excellent field performance. Its decline in use can be attributed mainly to
lower-cost SCMs available, namely fly ash. As fly ash present and future availability
becomes a concern, calcined clay presents a viable option in multiple geographical
regions in the USA. Use of calcined clay, blended with gypsum, as an SCM blended
with Type IL cement at the ready-mixed plant is proposed as a potential path for
adoption. This calcined clay-Type IL cement strategy (CCIL) could speed adoption,
provide flexibility in proportioning, avoid intellectual property issues, and reduce
transportation issues.
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Limestone Calcined Clay Cement:
Opportunities and Challenges

Shashank Bishnoi and Soumen Maity

Abstract Limestone calcined clay cement (LC3) is being developed as a low-carbon
alternative to conventional cements. The cement has the potential to reduce CO2

emissions by up to 30%, at the same time, demonstrating a higher performance in
many types of exposure conditions. Being a conservative industry, the introduction
of a new cement is a challenging process with many technical, commercial, psycho-
logical and political hurdles. Additionally, it is understood that the solutions for the
reduction of CO2 emissions will be varied and will depend on various factors such as
the availability of raw materials, the environmental conditions and the construction
practices. It is, therefore, important to ensure that the engineering properties of con-
cretes produced using any cement are well understood and that right type of cement
is used for the right application. This article discusses the challenges that need to
be overcome for the introduction of LC3 and the applications where the cement is
especially at an advantage or disadvantage.

Keywords Limestone calcined clay cement · Chloride · Carbonation · Economy ·
Workability

1 Introduction

Limestone calcined clay cement, or LC3, has been developed as a low clinker alterna-
tive to conventional cements such as ordinary Portland cement (OPC) and Portland
pozzolanic cements (PPC). Being a ternary cement that relies on the combined action
of two supplementary cementitious materials (SCMs), calcined clay and limestone,
the cement achieves similar mechanical properties as conventional cements despite
the relatively lower clinker factor of 50% or less [1–3]. The cement also promises

S. Bishnoi (B)
Department of Civil Engineering, Indian Institute of Technology Delhi, New Delhi 110016, India
e-mail: bishnoi@iitd.ac.in

S. Maity
Development Alternatives, Tara Crescent, Qutub Institutional Area, B-32, New Delhi 110016,
India
e-mail: smaity@devalt.org

© RILEM 2020
S. Bishnoi (ed.), Calcined Clays for Sustainable Concrete, RILEM Bookseries 25,
https://doi.org/10.1007/978-981-15-2806-4_88

793

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2806-4_88&domain=pdf
mailto:bishnoi@iitd.ac.in
mailto:smaity@devalt.org
https://doi.org/10.1007/978-981-15-2806-4_88


794 S. Bishnoi and S. Maity

to reduce CO2 emissions by as much as 30% compared to OPC. More details on the
performance and the development of the cement can be found elsewhere [4]. Still,
the acceptance of a new cement faces many hurdles due to the relatively conservative
nature of the construction industry. Given the high risks involved, the demonstration
of the usability, strength and durability of any new cement is important before it can
be used for construction. Additionally, since the market potential of any new product
is difficult to establish beforehand, the large investments required to start producing
a new product may be difficult to justify. This article discusses the opportunities
offered by the development of LC3 as a new cement and the challenges being faced
for its introduction to the market.

2 Opportunities

2.1 Technical Opportunities

From the results that have been obtained this far, it is apparent that LC3 offers
many technical benefits over the conventional cements. First, it has been shown
that LC3 develops its strength faster and is less sensitive to poor curing. This can be
advantageous not only in precast applications, but also in site concreting applications
since the faster removal of formwork would reduce cost and increase construction
speed. Additionally, reduced curing durations will help in reducing the consumption
of water, which is becoming more and more a precious resource. The presence of
limestone in LC3 also helps in improving the cohesion of mixes, which is especially
useful for the production of self-compacting concrete.

The lower alkalinity of the cement will also be beneficial in preventing alkali silica
reaction and in the consumption of reactive aggregates, especially in areaswhere non-
reactive aggregates are difficult to obtain. Due to the nature of the composition of the
cement, the resistance to sulphate attack also increases. The reduced permeability and
sorptivity of concrete using LC3 also make the cement suitable for use in foundations
and locations that are susceptible to capillary rise of water from the ground. The
lower heat of hydration of the cement, compared to OPC, also makes it suitable for
application to mass concretes.

Perhaps the most important strength of LC3 is that it offers a four-component
system, which can be engineered to obtain different types of cements. For example,
the gypsum content in the cement and the kaolinite content in the clay can be used
to control the setting time and early strength development of concrete, making it
suitable for application to repair applications. The calcined clay to limestone ratio
and the clinker content can also be modified to control the heat of hydration.
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2.2 Commercial Opportunities

Apart from various technical opportunities, LC3 offers a variety of economic oppor-
tunities for the production of cement and concrete. The first opportunity comes from
the quality of raw materials to be used. The clay that is calcined for blending in LC3

contains around 50% to 60% kaolinite and is of a quality that cannot be used for
other applications such as for the production of ceramics, paints, etc. It has been
shown that pure clays that are used for such applications are less suitable in terms
of workability and reactivity of LC3 [4]. Additionally, clays with iron contents that
are too high to allow the use of the clay in such applications can also be used in
LC3. The clays used in LC3 should not be confused with fertile or agricultural soils.
Given the requirements in composition, fertile agricultural soils cannot be used for
the production of LC3. Clays that are suitable for LC3 are known to be present in
large quantities, either as rejects from mines that produce purer kaolinitic or china
clays, or around the areas where such pure clays are mined. This offers a unique
opportunity for the consumption of such clays and the reduction of mine wastes.

The limestone that is grounded into LC3 also offers an interesting economic
opportunity for the consumption of limestones that have too low calcium content
for the production of clinker or other applications. It has been shown that since the
reactivity of carbonates in LC3 is relatively low, lower grade limestones are also
suitable [4]. It has also been shown that impurities such as quartz and clay minerals
in the limestone do not negatively impact the performance of the cement. What is,
perhaps, the most interesting opportunity for the cement industry is that limestones
containing dolomite, which cause unsoundness in cements, and even pure dolomite,
can be used in LC3. Since limestone which is blended or grounded into LC3 is not
calcined, any dolomite present in it is not converted to periclase, which is known to
react slowly and expand, causing unsoundness. In fact, studies have shown that LC3

blends containing dolomite may bemore robust under various conditions [5, 6]. LC3,
therefore, provides a unique opportunity for the consumption of rejected limestones
from the mines of the cement companies.

Apart from the opportunity to utilise lower grade materials, LC3 also offers the
opportunity to reduce clinker content at locations where other suitable SCMs are
either not available or are very expensive. Even in a country like India that has an
overall abundance of fly ash, there are locations, such as in the north-east, that rely
on fly ashes transported from several hundreds of km away, increasing their cost. The
reduction of clinker factor achieved through the blending of limestone and calcined
clay not only brings down the cost of the production of cement, but also allows a
significant increase in the capacity of the cement plants with very small investment,
without the need for installing new clinker production lines. This increase in capacity
is advantageous even at locations where fly ash is available, since it is difficult to
reduce clinker factors to levels possible with LC3 by just using fly ash. A more
detailed analysis of the factors that influence the relative cost of production of LC3

can be found elsewhere.
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Being different in performance from conventional cements, LC3 also provides the
opportunity to produce value-added cementitious products that can be used in niche
markets. For example, the higher cohesion of the cement and its higher fineness may
make it more suitable for plastering applications. It can also be used to produce lower
cost binders for cement-based damp proof courses for brick walls. Given its high
resistance to the flow of chlorides, the cement can be used for developing protective
overlays for concretes exposed to marine conditions and groundwater.

The production of a blend of limestone and calcined clay as a pozzolanic material,
also known as LC2, for direct mixing in concrete also provides an opportunity for
cement producers and ready-mixed concrete suppliers. LC2 would provide concrete
producers the flexibility to adjust the clinker content in concrete and would allow
the production of specialised concretes depending on the application. The cost of
production of concrete can also be reduced at locations where the supply of cement
is difficult but suitable clays exist locally.

It can be seen from the above discussion that there are several commercial and
technical opportunities that LC3 offers.

3 Challenges

3.1 Technical Challenges

As is the case with any new product, there are many technical challenges that have
to be overcome to allow the cement to be confidently used by engineers and the
construction industry. The first challenge arises in the cement lacking a legacy of
structures and experience that the conventional cements have. Although the relatively
short life since the development of the cement has been significantly compensated by
the vast research programme that has been implemented by a competent international
research and application team, the results of accelerated durability tests are often
not considered to be reliable by construction professionals. The first step in the
acceptance of a new cement by the construction fraternity is the development of
standards that permit its production and use. In the development and release of
these standards, large committees of experts critically evaluate the performance of
the cement and its suitability for use in structures. Confirmatory studies are often
carried out by several research laboratories to validate results already available in the
public domain. Although such testing work is important to ensure that the cement
meets all technical requirements and the expectations of engineers, suchwork is often
repetitive in nature, is costly and time consuming.Additionally, once the performance
of the cement is established, it is difficult to obtain funding to repeat the same
work in other laboratories. This is a major challenge that must be overcome by
the cement industry, by making necessary investments so as to ensure timely and
rigorous testing of the cement. However, given the absence of standards and the
uncertainty involved in introducing new products in the market, such investments
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may be difficult. Government and investment agencies must therefore play a role at
this stage.

From the technical studies that are available of LC3, it can be clearly seen that
the cement is not without its demerits. The first obvious demerit of the cement is its
higher water demand and the associated higher water-reducing admixture demand.
This is due to the high surface area of clays and the adsorption of the admixture on this
surface, reducing their efficacy. As much as twice the doses of admixtures required
for OPC are required for similar mixture designs produced using LC3. This must be
overcome by carrying out better concrete mix designs and through the development
of more suitable admixtures. Given the high surface area of LC3 and the cohesion
that it provides to concrete, a reduction in the fine aggregate content in concrete will
reduce the water demand. This would require a change of the thumb rules that are
often used in the design of concrete mixes. In the case of admixtures, it is understood
that a significant quantity of admixtures is adsorbed on the internal surface of the
clays. Development of larger molecules that cannot adsorb on these surfaces would
significantly reduce admixture dosage. From this point of view, it is also important
to ensure that clays with high purities are either not used in the production of LC3

or are used with higher limestone to calcined clay ratios. Since the majority of the
increased water or admixture demand is due to adsorption on metakaolin particles,
the reduction of the quantity of metakaolin in cement will reduce this demand. It has
also been shown that LC3 blends containing lower metakaolin contents react more,
especially at lower clinker factors [4].

LC3 is known as a cement that emits lower quantities of CO2 during its production.
This also means that LC3 has a lower capacity to bind CO2 and, therefore, does not
pose a significant barrier to the reduction of pH through the process of carbonation
[7, 8]. This reduction in pH has been shown to be accompanied by a coarsening of the
pore structure of the cement and a reduction in its resistivity [9]. Similar behaviour
has been observed in most other cements as well that have a low calcium content due
to their low clinker content. This implies that the steel reinforcement in concretes
produced using these low clinker cements will be at a high risk of faster corrosion
depending on the conditions to which the structure is exposed. Exterior reinforced
concrete elements that are exposed to intermittent rain and indoor elements that may
be exposed to seepage ofwater fromnatural orman-made sourceswould be especially
susceptible to carbonation-induced corrosion. Special measures are required to be
taken to prevent the ingress ofmoisture into such reinforced concrete elements.While
research on the possible use of water-proofing compounds and protective overlays
is ongoing, relatively expensive measures to prevent premature corrosion of such
elements would be required.

Laboratory studies have shown that concretes produced using LC3 and exposed
to temperatures higher than 40 °C during the first 12–24 h of hydration are likely to
develop lower strength in the long term due to the formation of hydration products
that are known to be less space-filling. This has been seen to occur in both isothermal
and semi-adiabatic curing conditions. This may lead to a significant structural risk,
since although concrete mixture design is carried out at lower standard temperatures
that range from 20 to 30 °C, the concrete in field may be exposed to significantly
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higher temperatures depending on the climatic region and the casting conditions.
Additionally, the coarsening of the microstructure while curing at higher tempera-
tures would also reduce the durability of concrete. Although research on this subject
is in a preliminary stage, it has been seen that LC3 containing components with a
certain composition may be more susceptible to a lower final strength development
than others. Ensuring the right combination of materials to prevent a lower strength
development in concrete is a challenge that must be overcome to allow a safe usage
of the cement.

3.2 Commercial Challenges

The introduction of a new product to amarket is always challenging.While one of the
major strengths of LC3 is that its use does not require special training and that it can
be used almost in the same way as other conventional cements, it is also a challenge
that the new cement will have to be marketed to consumers who are accustomed to
conventional cements, without the opportunity to provide them additional training.
Cost benefits are seen to be the most effective in inducing consumers to move to new
products, and such cost benefits can only be provided in cases where the production
cost of LC3 is lower than the production cost of other cements.

One of the most important challenges for the production of LC3 is locating, iden-
tifying and obtaining the rights to mine suitable clays. Since the composition of the
clays that are the most suitable for use in LC3 is significantly different from those
used in most other applications, mapping of locations where they are available has
not been carried out. Such a mapping is a large exercise where geologists collect
samples from many locations on the surface and below using bore holes in order to
determine the quality and the quantity of the minerals. This is an important hurdle
for the production of LC3 since significant investment is required in this process of
prospecting, while the commercial suitability of production of LC3 at a location can
only be determined after the available quantities of suitable clays are established.
Additionally, since these clays are significantly different from those usually sought
by the cement industry, the geologists would require further training.

Although the cement industry is familiar with the technology required for the
calcination of clays, the lower temperatures than those required for production of
clinker and the difference in handling processes of the clays makes investment into
new equipment necessary. Additionally, since the properties of the product, such as
its hardness, fineness and cohesiveness, are different from the conventional cements,
other handling equipment also requires modification. For example, ball mills that
normally produce other cements would give larger throughputs of LC3 due to the
relatively softer nature of calcined clay and limestone. This would necessitate an
increase in the capacity of the upstream and downstream handling systems. Given
the lower temperature of calcination and the nature of the process, the options of
using alternative fuels such as municipal solid wastes, rubber tires may not be avail-
able. Even the use of petcoke as a fuel, while keeping emissions within prescribed
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environmental norms, may be difficult. It may be noted here that cement plant man-
ufacturers are in the process of developing equipment that may help in reducing the
cost of calcination and allowing the use of alternative fuels. Additionally, plants that
adopt LC3 may continue to produce the other varieties of cements that they cur-
rently produce and may require the construction of new cement storage silos. Being
a ternary cement, the number of materials that would be required to be tested would
increase, and additional staff and testing equipment may be required for this. The
difference in the production process of the cement would also necessitate retraining
of staff. The investments required in the addition and modification of equipment and
the retaining of staff may pose an important hurdle to the adoption of the cement.

Market factors pose an important challenge to the adoption of the cement. Since
properties of the cement, such as the fineness, feel and colour, are likely to be different
from the other conventional cement, the conservative nature of the market may slow
down the adoption of the cement by the users. Furthermore, given the risks involved
in introducing a new product to the market, the cement companies may also prefer to
take a conservative approach to marketing the cement, reducing the rate of return on
the investment required for its production.Widespreadmarketing and user awareness
programmes would be required to allow a faster adoption of the cement.

Currently, fly ash and blast furnace slag are themost widely used SCMs in cement.
Both are by-products of other industries and are available at a low cost, without the
need for much further processing before the addition to cement. The added costs of
drying and calcining the clays reduce the commercial attractiveness ofLC3, compared
to other cements where low clinker factors can be achieved using slag and fly ash.
Additionally, since most cement plants are located near limestone deposits so as to
reduce transportation costs, the additional costs of transporting the clays to the plant
are also likely to pose a challenge. Setting up of grinding units at locations where
suitable clays are available may be an interesting option in many cases. A more
detailed analysis of the influence of transportation costs can be found elsewhere [10].
At locations where LC3 becomes a more commercially attractive option than other
blended cements, the risk of increasing environmental pollution through a reduction
in the consumption of fly ash is also important to consider for policy makers. This,
however, is likely to be a temporary scenario as most economies would move to
sources of power other than coal.

4 Conclusions

This article discusses the opportunities and challenges faced for the introduction
of limestone calcined clay cement as a commercial product. It can be seen from the
discussion that while the cement offersmany technical and commercial opportunities
for the cement and construction industry, there are challenges to be overcome for its
introduction into the market. The environmental benefits offered by the production
of LC3 have been demonstrated widely, and it is imperative that these challenges
be overcome as soon as possible to maximise the benefit from producing a more
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environmentally friendly product. Since most of the challenges being faced by the
cement aremultifaceted in nature, researchers, consultants, policymakers and cement
producers must work together to overcome these hurdles.
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LC3 Cement Produced Using New
Additives

S. K. Saxena, S. K. Wali and Mukesh Kumar

Abstract Portland cement is one of the most important binding materials in con-
struction industry. It is manufactured at a very high temperature and thus consumes
lot of energy. It consumes lot of good quality of limestone and at the same time it
emits large quantity of CO2 responsible for global warming. Number of measures
is being made to reduce CO2 emissions and decrease consumption of limestone and
energy. One of the ways is to use waste natural materials like China clay, which is
available many parts of India. Limestone calcined clay cement (LC3) was produced
on a pilot scale in a JK Lakshmi cement grinding unit (Jhajjar, Haryana, India).
Due to high water consistency compare with OPC cement. JK Lakshmi cement had
developed the improved version of LC3 cement with low water consistency. LC3

cement are being studied all over the world but some of problems persist. In this
paper, we have studied the hydration and durability of improved version of LC3

cement. Water consistency, setting times, non-evaporable water contents, compres-
sive strength measurements, water percolation and X-ray diffraction studies were
made to understand the hydration process.

Keywords Portland cement · LC3 cement

1 Introduction

Manufacturing of Portland cement (OPC) is a resource exhausting, energy-intensive
process and releases large amounts of the greenhouse gas (CO2) into the atmosphere
[1–3]. Greenhouse gases result in an increased temperature for the earth’s tropo-
sphere. The intergovernmental panel on climatic change estimates that the average
rise in temperature of the environment should reach between 1.9 and 5.3 °C in the
next 100 years. The need to reduce the consumption of energy and the release of
carbon dioxide increased the emphasis on the use of alternate raw materials like
calcined clay waste mines reject for the production of LC3 cement. LC3 cement are
the composition of Portland clinker, calcined clay, waste mines reject (JKLC-Sirohi)
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and gypsum. The LC3 technology promises a suitable growth of economics around
the world by reducing CO2 emissions. Due to high water consistency compare with
Indian OPC cement. JK Lakshmi cement had developed the improved version of
LC3 cement with low water consistency. LC3 cement are being studied all over the
world but some of problems persist. In this paper, we have studied the hydration and
durability of improved version of LC3 cement. Water consistency, setting times and
compressive strength measurements were made to understand the hydration process.

2 Experiments

2.1 Materials

LC3 and improved version (IV) LC3 was taken from JK Lakshmi cement limited
Haryana. The chemical compositions of LC3 and IV-LC3 are given in Table 1,
respectively.

2.2 Methods

Determination of water consistency The water consistencies were determined with
the help of Vicat apparatus (IS: 4031 part 4, 1988).

Determination of setting time Initial and final setting times were determined with
the help of Vicat apparatus (IS: 4031 part 5, 1988).

Determination of heat of hydration 2 g each of LC3 and improved version (LC3)
were mixed with 1 ml of water. Each vial was then vibrated for about 30 s and then
placed into the calorimeter chamber immediately. The rate of heat evolution and total
heat evolved were determined as a function of time.

Determination of compressive strengthMortar cubes were prepared in 7.5× 7.5×
7.5 cm3moulds and compressive strengths in presence ofLC3 and IV-LC3 at different
intervals of time were determined with the help of compressive strength testing
machine.

Table 1 Chemical composition of IV-LC3 and LC3 (mass%)

Compounds SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 Na2O

IV-LC3 33.25 14.47 4.31 39.64 2.71 0.47 2.12 0.41

LC3 33.28 14.48 4.30 39.65 2.73 0.49 2.13 0.40
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3 Results and Discussion

Water consistencies are given in Fig. 1. The results showed that improved version
of LC3 decrease the water consistency compare with LC3. This indicated improved
version LC3 decreases the water requirement and as a result, compressive strength
may increase.

Initial and final setting times are given in Fig. 2. The result showed that both the
initial and final setting time is increased in the presence of IV-LC3.

Hydration of LC3 and IV-LC3 is a complex and highly exothermic reaction. As
soon as LC3 and IV-LC3 cement content comes in contact with water, a rapid heat
evolution takes place. In the presence of LC3 and IV-LC3, the shape of the rate of
heat evolution curve remained the same but the maxima shifted to longer time with
higher rate of heat evolution. In the presence of IV-LC3, hydrations were retarded to
a considerable extent. Total heat evolved as a function of time is shown in Fig. 3.

Compressive strengths of IV-LC3 increased with hydration time. This is as a result
of increased amount of hydration products and decrease of porosity. The compres-
sive strengths of LC3 and IV-LC3 were found to be comparable at all the times of
hydration. However, IV-LC3 gave highest compressive strengths at all times. This

Fig. 1 Water consistency of
LC3 and IV-LC3

Fig. 2 Setting time of LC3

and IV-LC3
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Fig. 3 Heat of hydration of LC3 and IV-LC3

Fig. 4 Compressive strength
of LC3 and IV-LC3

may be due to early pozzolanic reaction and forming larger amounts of C–S–H and
reduction of water due to improved version of LC3. As a result, the compressive
strength is increased and shown in Fig. 4.

4 Conclusion

From the results, it is concluded that IV-LC3 cement hydration were very compact
with a dense structure. This reduced the pore size and pore size distribution. As a
result, the compressive strength at all the times was higher.
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Development of Green Additive
for Cement and Concrete Industries

S. K. Wali, S. K. Saxena and Mukesh Kumar

Abstract New green additives are an innovative additive for concrete produced
from widely available waste materials as a step towards sustainable infrastructure
development. Being a versatile product it can be used as a direct additive during con-
crete production or as a partial clinker replacement. New green additives improve the
properties of concrete by several simultaneous processes. The aluminosilicate of new
green additives contributes in the pozzolanic reaction; smaller particle size of new
green additives imparts filler effect providing extra sites for nucleation and growth
of hydration products, the reaction of carbonates helps in improving efficiency.

Keywords OPC cement · PP+ additives

1 Introduction

The use of additives as cement supplementary materials in structural concrete is
widely accepted by the construction industries in world [1]. Expenditure in con-
struction and the growth of infrastructure are major indicators of the development of
a nation. Rapid development in this sector faces crucial challenges in terms of econ-
omy and resources. Cement is one of the most expensive and resources and energy-
intensive inputs to the construction sector [2]. Supplementary cementitious materi-
als (SCMs) offer the most promising means of ensuring economical and resource-
efficient construction. SCMs are materials that can partially replace cement and
concrete, without a significant impact on its performance.

The usages of microfine materials like silica fume, metakaoline, rice husk ash,
etc., are being used to obtain high strength concrete [3]. These micro materials work
as pozzolanic materials. These materials fill up the inter particles spaces available
between cement grains and react with Ca(OH)2 produced during cement hydration
process. Pozzolanicmaterials like fly ash, slag present in concrete reactwithCa(OH)2
and microfine materials work only as pore fillers.
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This paper presents the discussion on new developed green additives by JK Lak-
shmi Cement Ltd in the name of PP+ (Indian Patent Application No-201711019131
A, Published on 22/03/2019) for cement and concrete, which produced by using the
waste materials from limestone mines. This invention provides a cost-effective green
performance enhancing additive for cement, concrete, and mortar.

2 Experiments

2.1 Materials

Portland cement 43 grade (OPC) was obtained from JK Lakshmi Cement Ltd,
Haryana, India. The oxide and mineral compositions of OPC 43 grade cement
are given in Table 1. PP+ used for making the blended cement and particle size
distribution is given in Fig. 1. Ennor sand were used from Tamil Nadu.

2.2 Experimental

Mix proportion of mortar using a different concentration of green cementing
additives. The designs of mortars with OPC cement in that ratio of 1:3 (1 part cement
and 3 part Ennor sand) are given in Table 2. Fixed W/C ratio was used during the
cube casting. Different mixes of solid components were mixed in Hobart mixer for
1 min.Water was then added to the solid andmixing was done for 4 min. Control mix
as MIX-1 were casted with ordinary Portland cement mortar and MIX-2, MIX-3,
MIX-4 were casted with green cementing additives as replacement of 10, 15, and
20%.

Determination of heat of hydration. 2 g each of OPC and 10, 15, and 20% PP+
were mixed with 1 ml of water in different plastic vials. Each vial was then vibrated
for about 30 s and then placed into the calorimeter chamber immediately. The rate
of heat evolution and total heat evolved were determined as a function of time.

Determination of compressive strength. Compressive strength of cement mortars
[OPC:sand—1:3] in the absence and presence of PP+ at different intervals of time
were determined with the help of compressive strength testing machine.

Determination of water percolation by permeability apparatus. Following
mixtures were mixed separately in order to have water/solid (w/c) ratio of 0.35.

i. 140 g OPC + 700 g sand
ii. 126 g OPC + 14 g PP+ + 700 g sand
iii. 119 g OPC + 21 g PP+ + 700 g sand
iv. 112 g OPC + 28 g PP+ + 700 g sand
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Fig. 1 Particle size of PP+

Table 2 Mix design of mortar using a different concentration of green cementing additive

Mix no. MIX
detail

Replacement
PP+ green
additives
(%)

OPC 43
grade
cement
(kg)

Ennor
sand (kg)

Water/cement
ratio (%)

PP+
used
(kg)

Mix-1 OPC 0 4.0 12 0.35 0.0

Mix-2 OPC+
PP+

10 3.6 12 0.35 0.4

Mix-3 OPC+
PP+

15 3.4 12 0.35 0.6

Mix-4 OPC+
PP+

20 3.2 12 0.35 0.8

The mortars were thoroughly mixed in Hobart mixer. Each mortar was placed in
a mould as per IS 2645. After 24 h, the mortars were de moulded and immersed in
water tanks separately for 20 days. The moulds were then fixed in a permeability
apparatus where pressure of 2.0 kg/cm2 was applied (pressure was slowly increased
from 0.5 to 2.0 kg/cm2). Water percolation was measured at every 1 h in terms of
weight of percolated water for 8 h.

X-ray diffraction studies. Powder X-ray diffraction patterns were recorded with
X-ray diffractogram using CuKα radiations.

3 Results and Discussion

Heat evolved during hydration as a function of time is illustrated in Fig. 2. It is clear
that heat evolved increased with time and the value is maximum in the presence
of green cementing additive (GCA) with 15% dosage. Green cementing additive
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Fig. 2 Rate of heat evolution as a function of time

(GCA) powder having smaller size and crystalline in nature might be participating
in hydration reaction, giving more heat and accelerating the process.

Mortars using by replacement of 10, 15, and 15% of green cementing additive
(GCA) were made both with Ennor sand. The compressive strength is determined.
Compressive strengths of green cementing additive mortars made from different
dosages of green cementing additive and cured for 28 days at room temperature.
The results showed that compressive strength increased with the increase of surface
area of green cementing additive. Higher surface area means smaller particle size.
Because of smaller size, the dissolution of green cementing additive in water was
more, leading to the formation of a larger amount of C–S–H gel. This is responsible
for higher compressive strength in the mortar (Table 3; Figs. 3 and 4).

The different mineral phases within the cement hydrate with different rates form-
ing various reaction products. Some products deposit on the unreacted cement parti-
cle surfaces (surface products) while others form as crystals in the water-filled pore
space between cement particles (pore products). For simplicity, cement paste can
be thought of as consisting of four phases: (i) unreacted cement, (ii) surface prod-
ucts (like C–S–H), (iii) pore products (like calcium hydroxide), and (iv) capillary

Table 3 Compressive
strength for various mixes

Detail 3 Days (In
MPa)

7 Days (In
MPa)

28 days (In
MPa)

Mix-1 32.5 38.00 50.9

Mix-2 36.2 43.8 58.4

Mix-3 40.6 48.4 65.2

Mix-4 38.5 44.7 59.7
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Fig. 3 Compressive strength of different mixes of PP+

Fig. 4 Water percolations of different mixes

pore space. PP+ reduces CH and increases C–S–H. Surface products grow outward
from the unreacted cement particles and contain connected (percolated) gel pores,
while pore products are generally polycrystalline and fully dense, with no connected
pores. The capillary pores are the water-filled space between solid phases and gener-
ally range from about 0.01 to 0.1 μm in size, in a reasonably well-hydrated cement
paste, although during early hydration, they can range up to a few micrometres in
size. These pores are responsible for water percolation in the mortar and concretes.
The percent water percolation for mortars in the presence of PP+ is shown in Fig. 5.
The presence of PP+ during hydration reduces the pore size, giving a dense structure.
This is because of the formation of additional amount of C–S–H. The decrease in
water percolation can be attributed to decrease in pore size. From Fig. 5, it is apparent
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Fig. 5 a PP+ b OPC cement + PP+

that in the presence of PP+, the structure of hydration products is denser and as a
result the water percolation is decreased.

Green cementing additive (PP+) hydratedwith cement paste (OPC)were prepared
and it is observed that the peaks of portlandite, mullite, as well as ettringite are clearly
visible. Referring Fig. 5a, b clearly shows a number of crystalline phases due to quartz
(Q) and kaolinite (K).

Green cementing additive (PP+) hydrated with OPC cement paste were prepared
and cured at room temperature 27± 2 °C for 28 dayswere recorded. The SEMpicture
of green cementing additive (PP+) shows a comparatively compact structure with
less porous, which increase the compressive strength with green cementing additive
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Fig. 6 a PP+ b OPC + PP+

(PP+). Referring Fig. 6a, b the SEM result shows the powder form of PP+ and
hydrated PP+ clearly illustrates the good compact structure with reduced porosity.

4 Conclusions

PP+ materials will be a suitable and futuristic “green performance improver” for
enhancement of performance of mortar and concrete, which has been developed by
use of waste materials.

Their preliminary characteristic of this material ensure:

(a) PP+ replace the cement up to 15%.
(b) PP+ does not increase the water demand as other fine materials.
(c) Initial heat of hydration is higher in compare with OPC cement.
(d) Water percolation is less due packing density.
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Use of Kaolin Clay as a Source of Silica
in MgO–SiO2 Binder

Vineet Shah and Allan Scott

Abstract Recent developments on the use of magnesium silicate (MgO–SiO2) as a
potential binder material have been promising. Brucite, produced from the hydration
of magnesium oxide, reacts with amorphous silica to produce magnesium silicate
hydrate (M-S-H). Currently, silica fume is used as the primary source of silica in
the majority of research into the M-S-H binder system. With increasing emphasis
on sustainable construction, the identification and use of practical silica sources on
a global commercial scale are imperative. The use of calcined kaolinitic clays, as
supplementary cementitious material, has been widely established in the Portland
cement industry and can also be used in production of magnesium silicate-based
binder. In this study, the feasibility of using calcined kaolinitic clay alongside mag-
nesium oxide was investigated. The effect of clay on the mechanical properties and
hydration characteristics of the binder system are reported.

Keywords Magnesium silicate hydrate ·Metakaolin · Hydrotalcite

1 Introduction

MgO-based cements offer a promising alternative to Portland cement. The large
reserves of magnesium minerals and the possibility of lower extraction costs make it
an exciting future option [1, 2]. Recent developments on the use of magnesium sili-
cate (MgO–SiO2) as a potential binder material have been promising [3–5]. Brucite
produced from hydration of magnesium oxide reacts with amorphous silica to pro-
duce magnesium silicate hydrate (M-S-H). Currently, silica fume or microsilica is
used as the primary source of silica in the binder system [3, 6]. However, due to lim-
ited availability and relatively higher cost of the silica sources, MgO–SiO2 binders
will remain a niche cement until a more economical silica is found.

The use of kaolinitic clays, as supplementary cementitious material, has been
extensively established in the cement industry [7–9]. Such clays are widely available
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in regions where the demand for cement is most likely to increase in the coming
decades [10]. Clay can be also used as an alternative source of silica in MgO–SiO2

binder due to its amorphous silica content and low environmental impact. Alongwith
reactive silica, clay consists of significant amount of reactive alumina, which has a
potential to react with magnesium oxide.

Themain objective of this research is to investigate the feasibility of using calcined
kaolinitic clay in the MgO–SiO2 binder system in terms of hydration characteristics
and mechanical properties.

2 Materials and Methodology

Light-burnt MgO was obtained from Calix Ltd., Australia. Clay (CC) with kaolinite
content of approximately 40% was obtained from Canterbury region, NZ. The clay
was calcined in a static furnace at a temperature of 800 °C for 2 h. Commercially
available metakaolin (MK) was supplied from BASF NZ and with the silica fume
(SF) and superplasticizer from Sika NZ. River sand was used as fine aggregate.

The MgO: silica source ratio was kept fixed at 1.5 for all the blends. Mortar
samples were prepared at a water to cement ratio of 0.4 by mixing binder and sand
in the ratio of 1:1. 3% superplasticizer by weight of binder was mixed with water
to improve the workability of the mix. Cubes of 50 × 50 × 50 mm and cylinders
of diameter 50 mm and height 100 mm were cast using mortar. After casting, the
samples were covered and left in the mould for 24 h at 20 °C and 60% relative
humidity. Thereafter, the samples were cured in water at 20 °C until the age of
testing. Paste samples were cast in plastic moulds at the water to cement ratio of 0.4
and were subsequently demoulded and cured under water after 24 h.

The compressive strength was measured on cube specimens at various ages. The
cylindrical specimens were cut into discs having thickness of 30 mm. Porosity mea-
surements were done on the disc samples. Thermogravimetric analysis (TGA) was
carried out on paste samples.

3 Results and Discussion

3.1 TGA

Figure 1 shows the differential TGA curve of 7 days hydrated sample. The peak
weight loss in the temperature range of 400–450 °C corresponds to decomposition
of magnesium hydroxide formed on hydration of magnesium oxide. Irrespective of
silica source, a definite decomposition peak of brucite is observed. However, in CC
and MK blends, an additional decomposition peak is observed right before 400 °C.
This peakmay correspondwith the decomposition of hydrotalcite [11], formed by the
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Fig. 1 Differential thermogravimetric curve of 7 days hydrated paste samples

reaction of alumina present in clay/metakaolin withmagnesium. Scrivener et. al. [12]
also reported decomposition of a peak around 400 °C corresponding to hydrotalcite.

3.2 Compressive Strength

The compressive strength was measured after 3, 7, 28 and 90 days of hydration as
shown in Fig. 2 for the SF, CC and MK blends. An increase in strength is observed
as hydration progresses. The 90 days compressive strength of SF and MK blends is
similar. However, rate of strength gain was faster for theMKblend. This could be due
to participation of alumina in the hydration reaction. The lower compressive strength

Fig. 2 Compressive strength
at different ages for SF, CC
and MK blends



818 V. Shah and A. Scott

Fig. 3 Porosity at 90 days
for SF, CC and MK blends

of CC blend is attributed to the overall lower content of reactive silica compared to
SF or MK.

3.3 Porosity

The porosity of mortar samples was measured in accordance with ASTMC642 [13].
Vacuum saturation technique was used to saturate the samples. Figure 3 shows the
90 days porosity of all the three blends. Although the compressive strength of SF
and MK blends was similar, the porosity for MK blend was 150% lower than the SF
samples. Similarly, the porosity of CC blend was 50% lower than SF blend despite
having a lower compressive strength. The lower porosity of CC andMKblends could
be attributed to the formation of hydrotalcite, which is voluminous in nature. The
higher solid volume helps to more effectively fill the space and thereby reduce the
overall porosity.

4 Conclusions

This study investigated the possibility of using kaolinitic clays as a source of silica
in the MgO–SiO2 binder system. Compressive strengths similar to MgO-Silica fume
blend were obtained on using clay. The reactivity of clay significantly affected the
strength development of the mix. A substantial reduction in porosity was observed
using clay compared to silica fume. The reduction in porositywas due to an additional
reaction of alumina, present in clay, with the magnesium to form hydrotalcite which
was absent in silica fume systems.
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To ascertain the conclusions claimed, a further study investigating the microstruc-
ture characteristics and the products formed inMgO-Kaolinite systemusing scanning
electron microscopy and X-ray diffraction is underway.
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Fresh and Hardened Properties of Pastes
and Concretes with LC3 and Its
Economic Viability: Indian Ready Mix
Industry Perspective

Pranav Desai and Amith Kalathingal

Abstract The study is focused on the evaluation of fresh and hardened properties
of pastes and concrete with LC3. The plastic and hardened properties of LC3 are
analyzed and compared with OPC 53. A comprehensive study is done on identifying
the optimum admixture type for best LC3 paste fresh state properties and compared
with OPC 53, PPC, PSC, OPC + 50% PFA (high-volume fly ash) and OPC + 70%
GGBS (high-volume GGBS) pastes at varying water–binder ratios (w/b). Fresh and
hardened properties of LC3 concretes are analyzed and compared with OPC, PPC,
PSC, high-volume fly ash, and high-volume GGBS concrete. The concrete study
is focused on achieving LC3 concrete fresh properties with regard to ready mix
concrete industry requirements. The durability factors like resistance to chloride ion
penetration, water permeability, and water absorption are studied on LC3 concrete
and compared with OPC, PPC, PSC, high-volume fly ash and high-volume GGBS
concrete. The study also compares material cost of M40 grade concrete in major
Indian metro cities and arrives at a landed basic price for LC3 (in terms of percentage
of OPC price) in these cities for commercial viability of LC3 use in Indian ready mix
industry.

Keywords LC3 · Concrete properties · Durability · Ready mix industry · Cost

1 Introduction

The robust demand for cement in India aided by governments focus on infrastructure
and housing for all is expected to enormously increase the per capita cement con-
sumption in the country from the current 235 kg/person which will generate heavy
stress on the usable raw material reserves in production of conventional OPC [1–3].
Even though a sustained approach of using other industry by or waste products
like fly ash (PFA) and ground-granulated blast furnace slab (GGBS) in the form of
PPC, PSC, and composite cement is undertaken in cement and concrete industry,
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an approach of utilizing unsuitable raw materials as per conventional cement pro-
duction technology norms is rarely explored. Limestone calcined clay cement (LC3)
technology brings the potential of utilizing lower than cement grade limestone and
widely available kaolinite clay at clinker factor as low as 40%, thus enhancing raw
material sustainability and reducing CO2 emission in the cement industry [4, 5].

The paper presents the results of the study on LC3 and LC3 concrete with a per-
spective of using the same in the Indian ready mix concrete industry. The laboratory
data is used at arriving M40 grade concrete mixes with minimum binder with LC3,
OPC 53, OPC 53 + 25% PFA (PPC), OPC 53 + 50% PFA (high-volume fly ash),
OPC 53 + 50% GGBS (PSC), and OPC 53 + 70% GGBS (high-volume GGBS)
combinations, and the same is used for economic feasibility analysis of LC3 concrete
production from ready mix plants in major Indian cities of Delhi, Mumbai, Kolkata,
Bengaluru, Ahmedabad, Chennai, and Hyderabad.

2 Experimental Program

2.1 Materials

Cement, fly ash, and GGBS

OPC 53 grade confirming to IS 269, LC3 procured from Technology and Action
for Rural Advancement (TARA) India, fly ash confirming to IS 3812, and GGBS
confirming to IS 12089 are used throughout the study (Table 1). The OPC 53, LC3,
fly ash, and GGBS are stored in air tight containers during the entire duration of
study.

LC3 is prepared byTARAbyblending 52%OPC43 and 48%LC2 (Tables 1 and 2).
The LC2 composed of 64% calcined clay, 32% raw limestone, and 4% gypsum
(Tables 2 and 3).

Fine and Coarse Aggregates

Normal weight crushed stone sand (CSS), single-sized 10 mm and single-sized
20 mm conforming to IS 383 is used in the study (Table 4). Crushed stone sand
is gaining prominence as preferred fine aggregate in the Indian ready mix concrete
industry due to mining bans on river sand. Aggregates of the same lot are used in the
entire duration of the study.

Chemical Admixtures

Polycarboxylate ether (PCE)-based non-retarding super-plasticizing admixture and
retarding admixture is used in the study (Table 5). All admixture used complies
with IS 9103. PCE with low solids and high solids are used in the study as PCE
with low solids is gaining prominence as a replacement for sulphonated naphthalene
formaldehyde (SNF) admixtures in the Indian ready mix industry.
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Table 1 Physical properties of cements, fly ash, and GGBS

Cement type OPC 53 LC3 OPC 43

Standard consistency (%) 29.0 35.3 29.3

Blaine fineness (m2/kg) 278 403 280

Initial setting time (minutes) 130 98 –

Final setting time (minutes) 215 128 –

Soundness—Le-Chatelier expansion (mm) 1 1 –

Loss on ignition, % by mass 2.52 9.16 –

Density (g/cc) 3.13 2.95 3.14

Compressive strength—3 days (MPa) 36.5 32.4 28.1

Compressive strength—7 days (MPa) 45.5 43.0 38.3

Compressive strength—28 days (MPa) 62.5 56.9 56.0

Pozzolana type Fly Ash GGBS

Blaine fineness (m2/kg) 335 480.1

45 micron retaining, % by mass 12.4 2.24

Soundness—autoclave expansion (%) 0.04 -1.08

Soundness—Le-Chatelier expansion (mm) –

Density (g/cc) 2.22 2.82

Compressive strength—28 days, % of control (MPa) 88.7 NA

Glass content. % by mass NA 87.1

Table 2 Mixtures of basic
materials for the production
of LC2 and LC3

LC3 composition, % by mass

OPC 43 52

LC2 48

LC2 composition, % by mass

Calcined clay 64

Raw limestone 32

Gypsum 4

Water

Water complying with IS 456 section 5.4 is used for preparation of concrete and
curing of specimens.

2.2 Study on Cement Admixture Compatibility

Marsh cone test is utilized to assess the compatibility and dosage of admixture with
various combination of cement at varying w/b (Table 6). The marsh cone test gives
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Table 3 Chemical composition and loss on ignition of LC2 in comparison to calcined clay and
limestone used in production of LC2

Chemical composition of LC2, calcined clay, and limestone

Constituent, % by mass LC2 Calcined clay Limestone

CaO 28.29 0.06 44.24

SiO2 34.28 54.67 11.25

Al2O3 19.45 27.69 2.53

Fe2O3 3.43 4.93 1.55

MgO 1.38 0.13 1.96

SO3 1.58 0.01 –

Na2O 0.31 0.12 0.50

K2O 0.27 0.25 0.28

TiO2 1.63 1.68 –

Loss on ignition, % by mass 9.21 10.28 36.96

Table 4 Physical properties of fine and coarse aggregates

Property Fine aggregate Coarse aggregate

CSS 10 mm 20 mm

Physical properties

Density (gm/cm3) 2.79 2.76 2.84

Water absorption (%) 2.09 2.10 1.53

Bulk density loose (kg/m3) 1800 1520 1540

Bulk density rodded (kg/m3) 1980 1670 1640

Aggregate impact value (%) – 16.8 11.8

Aggregate crushing value (%) – 17.7 14.3

Combined flakiness and elongation index (%) – 33.3 21.3

Particle size distribution

IS sieve size (mm) Percentage passing (%)

40 100 100 100

20 100 100 94.2

12.5 100 100 15.8

10.0 100 88.1 2.7

4.75 97.1 4.2 0.4

2.36 73.4 0.8 –

1.18 58.7 – –

0.6 38.6 – –

0.3 26.3 – –

0.15 14.0 – –
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Table 5 Properties of
chemical admixtures

Admixture
type

PCE—high
solid

PCE—low
solid

Retarder

Relative
density at
25 °C

1.075 1.040 1.087

Solid content,
% by mass

30.80 12.44 19.46

pH value at
25 °C

6.66 6.95 8.58

Chloride (Cl),
% by mass

<0.01 <0.01 <0.01

fluidity of cement paste in terms of flow time with respect to incremental plasticizing
admixture dosage; the data when plotted in a Marsh cone flow time curve helps in
determining the saturation dosage of the plasticizing admixture [6].

It is observed that the LC3 paste admixture saturation dosages are considerable
higher than other paste saturation dosages. The fluidity measured as marsh cone flow
time for LC3 is comparable with other pastes at w/b of 0.50, but the LC3 paste tends
to exhibit lower fluidity at lower w/b of 0.38 and 0.32. The low- and high-solid PCE
admixtures have not shown any significant difference in the behaviors of all paste
combinations with respect to saturation dosage and fluidity at 0.50 w/b.

2.3 Study on Concrete

Concrete Mixes

Concrete mixes are designed as per IS 10262 for a volume of 1 m3 (Table 7). All
concrete mixes are designed considering high-rise pump ability with Nuvoco Vistas
Corp Ltd industry experience.

Fresh concrete is prepared in batches of 0.050m3 in a central shaft-type laboratory
mixer. Moisture corrections for all aggregates are done before concrete batching and
added water corrected to maintain the design free water as in mix design. Cleaned
and oiled, standard steel molds are used for specimen casting. The fresh concrete is
casted in the molds as per recommendations of the test-specific code. Special care is
taken to avoid any human error-induced segregation of concrete while casting. The
specimens are demolded at 24 h and cured with complete immersion in water until
testing.

Concrete Workability

Concrete workability is evaluated based on slump test as per IS 1199 method and
slump flow test as per BS EN 12350-9 method (Table 8). The slump spread is
measured as the diameter of concrete flow after the slump test.
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Table 7 Concrete mix design

Mixes w/b Total
binder

Admixture dosage, % of
binder

Aggregate proportions, %

PCE Retarder 10 mm 20 mm Sand

High
solids

Low
solids

OPC 0.45 365 0.70 0.20 29 29 42

0.41 400 1.00 0.20 29 29 42

PPC 0.36 440 1.40 0.20 30 25 45

0.36 450 1.50 0.20 32 25 43

0.32 500 1.40 0.20 32 25 43

0.30 530 0.90 0.20 32 26 42

High-volume
fly ash

0.33 500 0.70 0.20 28 28 44

0.28 590 0.62 0.20 28 28 44

PSC 0.38 420 1.30 0.20 30 25 45

0.38 420 0.90 0.20 29 24 47

0.35 460 1.45 0.20 31 25 44

0.30 540 0.90 0.20 31 25 44

High-volume
GGBS

0.41 400 0.90 0.20 29 29 42

0.34 490 0.65 0.20 28 28 44

0.29 576 0.76 0.20 29 29 42

LC3 0.41 400 1.50 0.20 29 29 42

0.38 440 1.60 0.20 29 29 42

0.32 516 1.50 0.20 29 29 42

It is observed that the LC3 concrete demands the highest admixture dosage to
achieve a pumpable concrete workability. The admixture demand for LC3 concrete
is relatively stable at all tested w/b. It is also observed that the slump and slump
spread that could be achieved with LC3 concrete are relatively lower than concretes
with OPC 53, fly ash, and GGBS combinations even with high-solid PCE.

Concrete Compressive Strength

Compressive strength is tested as per IS 516method. It is observed that M40 grade of
concrete can be achieved at 400 kg/m3 of LC3 at w/b of 0.41 compared to 365 kg/m3

of OPC at a w/b of 0.45, 450 kg/m3 of PPC at a w/b of 0.36, 500 kg/m3 of high-
volume fly ash at a w/b of 0.33, 420 kg/m3 of PSC at a w/b of 0.38, and 576 kg/m3 of
high-volume GGBS at a w/b of 0.29 (Table 9). The early age strength gain of M40
grade LC3 concrete is observed to be better than M40 grade concrete with OPC,
PPC, high-volume fly ash, PSC, and high-volume GGBS mixes.

It is also observed that M55 grade LC3 concrete can be achieved with 516 kg/m3

of LC3 at a w/b of 0.32 compared to 530 kg/m3 PPC at a w/b of 0.30 and 540 kg/m3

PSC at a w/b of 0.30.
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Table 8 Comparison of workability of concretes produced

Mixes W/b Total
binder

Admixture dosage, % of
binder

Workability
test method

Workability
(mm)

PCE Retarder Slump
spread
(mm)

High
solids

Low
solids

OPC 0.45 365 0.70 0.20 Slump test 180 310

0.41 400 1.00 0.20 Slump test 210 510

PPC 0.36 440 1.40 0.20 Slump test 240 –

0.36 450 1.50 0.20 Slump test 230 –

0.32 500 1.40 0.20 Slump test 240 –

0.30 530 0.90 0.20 Slump flow
test

690 NA

High-volume
fly ash

0.33 500 0.70 0.20 Slump test 240 510

0.28 590 0.62 0.20 Slump test 210 460

PSC 0.38 420 1.30 0.20 Slump test 230 –

0.38 420 0.90 0.20 Slump flow
test

710 NA

0.35 460 1.45 0.20 Slump test 240 –

0.30 540 0.90 0.20 Slump flow
test

730 NA

High-volume
GGBS

0.41 400 0.90 0.20 Slump test 200 490

0.34 490 0.65 0.20 Slump test 200 410

0.29 576 0.76 0.20 Slump test 220 480

LC3 0.41 400 1.50 0.20 Slump test 150 290

0.38 440 1.60 0.20 Slump test 140 270

0.32 516 1.50 0.20 Slump test 130 280

From 28 days to 56 days strength gain of LC3 concrete is observed to marginally
lower than OPC, high-volume fly ash and high-volume GGBS mixes.

Concrete Durability Properties

Electrical indication of concretes’ ability to resist chloride ion penetration (RCPT),
hardened concrete depth of water penetration under pressure (water permeability),
and water absorption under submersion tests are performed as per ASTM C 1202,
BS EN 12390-8, and BS 1881 Part 122, respectively.

It is observed that LC3 concrete exhibits considerably higher resistance to chloride
ion penetration even at 28 days of age (Table 10). RCPT values of less than 500 °C
are achieved for LC3 mixes with 0.38 and 0.32 w/b. LC3 concrete did not exhibit
a significant reduction in water permeability and water absorption compared OPC,
PPC, high-volume fly ash, PSC, and high-volume GGBS mixes.
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Table 10 Comparison of resistance to chloride ion penetration (RCPT), water permeability, and
water absorption of concretes produced

Mixes w/b Total
binder

Durability tests

RCPT (Coulomb) Water
permeability
(mm)

Water
absorption
(%)

28
Days

56
Days

28
Days

56
Days

28 Days

OPC 0.45 365 5030 – 6 – 2.7

0.41 400 6139 3320 12 – 2.7

PPC 0.36 440 – 3835 – 6 –

0.36 450 – 2097 – 13 –

0.32 500 – 2521 – 6 –

0.30 530 – 1327 – 12 –

High-volume
fly ash

0.33 500 3068 – 5 – 2.1

0.28 590 2254 – 4 – 1.6

PSC 0.38 420 – 2157 – 11 –

0.38 420 – 1819 – 8 –

0.35 460 – 1234 – 10 –

0.30 540 – 907 – 7 –

High-volume
GGBS

0.41 400 957 620 5 – 2.1

0.34 490 792 – 5 – 1.3

0.29 576 779 – 5 – 1.5

LC3 0.41 400 708 383 8 – 1.6

0.38 440 340 – 5 – 1.6

0.32 516 324 – 4 – 1.7

3 LC3 Concrete Economic Viability of Use: Indian Ready
Mix Industry

M40 grade concrete mixes achieved with OPC, PPC, high-volume fly ash, PSC,
high-volume GGBS, and LC3 are used for economic viability analysis (Tables 7 and
9).

The relative costs of PPC, high-volume fly ash, PSC, high-volume GGBS, and
LC3 M40 concrete mix pastes are evaluated with respect to M40 OPCmix paste cost
(Fig. 1). The relative cost analysis is carried out for major Indian cities of Mumbai,
Delhi, Kolkata, Bengaluru, Ahmedabad, Chennai, andHyderabad. The average basic
price of OPC, fly ash, GGBS, and admixtures for paste cost calculations is extracted
for the financial year 2018–2019 from Nuvoco Vistas Corp Ltd as procured to its
concrete business at various cities included in the study.
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Fig. 1 Relative cost analysis of M40 concrete across Indian cities

It is observed that high-volume GGBS M40 mix is relatively the most expensive
in all cities due to high binder content required to achieve the concrete grade, and
high-volume fly ash M40 mix is the cheapest in all cities except Mumbai where PSC
mix is the cheapest.

M40 concrete with LC3, with LC3 at the price of OPC (LC3-1), is 18–34% more
costly than OPCmixes and 20–55%more costly than the cheapest M40 grade mix in
the given cities. M40 concrete with LC3, with LC3 at the price of 70% of OPC (LC3-
2), is relatively cheaper in cities of Mumbai, Delhi, and Hyderabad in comparison
to OPC mixes and 7–23% more costly than the cheapest M40 grade mix in all given
cities except Mumbai.

It is observed that the high admixture demand of LC3 has hugely impacted the
M40 concrete paste costing of LC3 mixes; therefore, a costing is also arrived with
LC3 at the price of OPC with LC3 admixture demand same as OPC (LC3-3) and is
observed that the cost impact of higher admixture demand of LC3 is the range of
9–25% on LC3 M40 mix across cities depending on the PCE cost in these cities. The
impact of admixture cost is lowest in Mumbai and the highest in Ahmadabad. With
LC3 at the price of 90% OPC with LC3 admixture demand same as OPC (LC3-4), it
is observed that the LC3 mixes are costing same as OPC mixes.
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4 Conclusion

From the study performedonpastes and concretewithLC3, the following conclusions
can be made:

1. LC3 has compressive strength similar to OPC 53, the fineness and loss on ignition
of LC3 is considerable higher than OPC 53.

2. LC3 pastes require considerably higher plasticizing admixture dosages to achieve
saturation fluidity as assessed by marsh cone test.

3. LC3 fluiditymeasured asmarsh cone flow time at saturation dosage is comparable
to OPC, PPC, and PSC at higher w/b of 0.50, but LC3 paste tends to exhibit lower
fluidity at lower w/b of 0.38 and 0.32.

4. M40 grade LC3 concrete can be achieved with 400 kg/m3 LC3 at 0.41 w/b.
5. LC3 concrete exhibits lower workability even at considerably high admixture

dosages.
6. LC3 concrete exhibits high resistance to chloride ion penetration.
7. LC3 along with current plasticizing admixtures available in India is feasible to

use in most cities through ready mix industry at a cost of 70% of OPC 53.
8. With development of plasticizing admixture compatible with LC3 at the same

dosage of OPC 53, LC3 will be feasible to use in most cities of India through
ready mix industry at a cost of 90% of OPC 53.
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Reactivity of Clay Minerals
in Intervention Mortars

S. Divya Rani, S. Mukil Prasath, Satvik Pratap Singh and Manu Santhanam

Abstract Historic lime binderswere oftenmodified by the addition ofmaterials con-
taining reactive silicates and aluminates. Roman builders utilized volcanic deposits
from Pozzuoli near Naples, as the addition of this volcanic ash improved the perfor-
mance of mortar. Pozzolans can be of natural or artificial origin; traditional artificial
pozzolans were produced from natural materials, such as clay, after heat treatment.
In India, pozzolan use was introduced by Mughals, and fired clay brick or ‘surkhi’
was extensively used in medieval times to improve mortar consistency and strength.
However, much attention may not have been given to the mineralogical composi-
tion and firing temperature of clay, which are critical in determining the pozzolanic
activity. In the present study, three different types of clays—kaolinite, montmoril-
lonite, and a sundried brick from the field—were fired to temperatures from 600 to
900 °C to assess pozzolanic activity. The clay crystal structures are disrupted, and an
amorphous phase is produced by heating at a temperature range of 700–900 °C. The
crushed sundried brick obtained from the field was not pozzolanically active at any
of the temperatures. The maximum pozzolanic activity was obtained at 800 °C for
the kaolinite and montmorillonite clays, and the fall of pozzolanic activity after this
temperature can be attributed to the formation of new minerals such as mullite and
hematite. These commercial clays can be used as pozzolans in intervention mortars
if they are heated between 700 and 900 °C.
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Intervention mortars
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1 Introduction

Lime mortar has been used as a popular binding material in historic buildings since
ancient times. Roman builders utilized volcanic deposits from Pozzuoli near Naples,
as the addition of this volcanic ash improved the performance of the mortar [1]. In
certain parts of India, especially during the reign ofMughals in medieval times, there
was a practice of adding crushed brick powder or ‘surkhi’ as a pozzolana in limemor-
tar to ascertain hydraulic properties to the mortar. Usually, underburnt or overburnt
bricks were crushed and added as brick dust or sometimes as pebbles of up to 40 mm
size [1–3]. However, it is not known if the expected pozzolanic action was achieved
from the brick dust or if it was just acting as a filler in the matrix. Characterization
of the historic lime mortars of the Ganga canal system did not confirm the presence
of hydraulic compounds or any evidence of pozzolanic action even though there is
documentary evidence of adding brick dust during the preparation of the mortar [4].
The mortars obtained from Roman and Byzantine buildings revealed an increased
strength and stiffness at the vicinity of the brick fragments as compared to the lime
matrix, where crushed brick particles known as ‘cocciopesto’ were used with lime
binder [1, 5]. Even though the traditional builders used crushed brick, pottery, and
fired clay tiles quite extensively in their mortars, it is unlikely that a scientific anal-
ysis of the pozzolanic activity would have been made before the preparation of the
mortar. Mineralogical characteristics and firing temperature of clay are critical in
determining the pozzolanic activity. The ability to bind calcium hydroxide in the
presence of water in natural temperatures is determined by the amount of chemically
active phases, and the intensity of this interaction depends upon the surface area and
amorphous SiO2 content of the pozzolans [6]. Clays containing silicates and alumi-
nates as major phases are reported to be pozzolanically active around 500–1000 °C
[7, 8]. In the present study, three different types of clays are analyzed to understand
their mineralogical transformations with firing temperature and the subsequent effect
on the pozzolanic activity so that they can be used in intervention mortars to repair
the historic masonry.

2 Experimental Programme

For the experimental programme, three different types of clays, (i) a field soil, used
for making clay bricks (obtained as sundried brick), and two commercially available
clays, namely (ii) montmorillonite clay and (iii) kaolin clay were procured and fired
at different temperatures of 600, 700, 800, and 900 °C, with a heating rate of around
10 °C/min. They were kept inside the furnace at the given temperature for 2 h and
then allowed to naturally cool to ambient temperature. The fired clays were then
pulverized to a size less than 75 μm.
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Fig. 1 Mineralogical composition of the raw clays

The mineralogical composition of the clay (presented in Fig. 1) was determined
by X-ray diffraction at each of the temperatures. The diffraction data were collected
using a PANalytical X’Pert PRO diffractometer with Cu-Kα radiation, 40 kV and
40 mA. A step size of 0.02° 2θ was chosen for a complete scan from 10° to 75° 2θ.
The diffraction patterns were interpreted using X’Pert HighScore Plus 3.0 software
by PANalytical, qualitatively matching the mineral profiles with standard database
from International Centre for Diffraction Data (ICDD).

The pozzolanic activity was determined by conducting the lime reactivity test on
50-mmmortar cubes as specified in IS 1727 [9]. The amount of water was determined
as that required to achieve a flow of 70 ± 5% with the flow table dropped for ten
times in 6 s. The lime reactivity is expressed as the compressive strength after 8 days
of curing at 50 °C and 90% RH, when tested at a loading rate of 35 kg/cm2/min as
per the guidelines.
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3 Results and Discussion

3.1 Mineralogical Changes with Temperature

The change in composition of clay after heating at 600, 700, 800, and 900 °C for
kaolin, montmorillonite, and sundried brick is shown in Figs. 2, 3, and 4, respectively.
The loss of combined water in the structure of clay leads to the destruction of the
crystal structure after heat treatment. The silica and alumina phases transform to an
unstable amorphous state which is reactive and responsible for the pozzolanic action
[7].

For kaolin clay, the crystalline structure is intact at 600 °C. The amorphous phases
start forming at 700 °C, observed as a broad band between 20° and 30° 2θ at the
expense of sharp crystalline peaks of kaolinite. The amorphous phases continue to
exist at 800 and 900 °C, but the presence of less reactive mullite is observed at
900 °C. The dehydroxylation of the kaolinite and transformation to metakaolin at
higher temperatures enhances the pozzolanic activity [10]. Quartz was not affected
by heat treatment up to 900 °C, and the minor amount of calcite is completely
decomposed by 900 °C.

Fig. 2 a–d Mineralogical composition of kaolin clay with temperatures from 600 to 900 °C
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Fig. 3 a–d Mineralogical composition of montmorillonite clay with temperatures from 600 to
900 °C

For montmorillonite clay also, the crystalline structure is intact at 600 °C, and
the amorphous phases start forming at 700 and 800 °C, which enhances pozzolanic
activity; the presence of less reactivemullite and hematite [7, 8] is observed at 900 °C.

For the sundried brick, significant differences in the mineralogical composition
could not be observed with an increase in temperature. The major composition is
of crystalline quartz and microcline feldspar, which do not react with binders such
as lime and cement. Minor amount of zeolite and kaolinite can be observed which
transform with temperature. The kaolinite is completely transformed at 800 and
900 °C.

3.2 Pozzolanic Reactivity with Temperature

The specific gravity of lime used for the tests was 2.28, and that of sundried, mont-
morillonite, and kaolin clays were 2.09, 2.09, and 1.96, respectively. The specific
gravities for all the heat treated clay samples were around 1.9–2.1. At 800 °C, the
kaolin clay had a fineness (measured by Blaine air permeability) of about 563 m2/kg,
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Fig. 4 a–dMineralogical composition of sundried clay brick with temperatures from 600 to 900 °C

montmorillonite had a fineness of 333 m2/kg, and sun dried brick was at a fineness of
148m2/kg. The pozzolanic reactivity of the clays was evaluated by the lime reactivity
test and is represented as the compressive strength of the lime and pozzolan mortar
(Fig. 5). Strength of the mixture is attained purely from pozzolanic activity between
hydrated lime and brick dust. As per the guidelines, there should be a minimum of
4 MPa strength for the pozzolana to be considered as reactive.

The results show that the clay samples were not sufficiently reactive at 600 °C. At
higher temperatures, the compressive strength increased for all the samples indicating
an increase in pozzolanic activity. After 8 days curing in controlled temperature and
humidity, compressive strengths of specimens from brick dust were less than 4 MPa
at all the temperatures. These observations do not indicate sufficient pozzolanic
activity between the lime and brick dust which can be attributed to the mineralogical
composition of the field soil used for making the sundried brick. The major phases
include less reactive quartz and microcline, whereas the reactive kaolin and zeolite
phases are present in minor quantities. Kaolin and montmorillonite clays are reactive
at 700–900 °C, and the higher reactivity of kaolin clay is attributed to the structure
of the clay minerals and the higher surface area as compared to montmorillonite.
Aluminosilicate minerals are stacked in two sheets in kaolinite clay, and two distinct
interlayer surfaces with aluminate and silicate groups co-exist, linked with hydrogen
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Fig. 5 Results from the lime reactivity test indicating the effect of temperature and claymineralogy
on their pozzolanic activity

bonding. The dehydroxilation process favors the exposure of Al groups at the sur-
face of kaolinite clay, whereas montmorillonite seems to conserve the order of their
structural layers, trapping Al groups between silicate tetrahedral, and hence are less
able to react [11]. In both of these clays, the clay crystal structures are disrupted and
an amorphous phase is produced by heating at a temperature range of 700–900 °C.
The maximum pozzolanic activity was obtained at 800 °C, and the fall of pozzolanic
activity after this temperature can be attributed to the formation of new minerals,
mullite and hematite [7].

4 Conclusions

The paper discusses the pozzolanic reactivity of three types of clays with respect
to their mineralogical composition and firing temperature. The results give valuable
insights for the selection of pozzolanic materials for repair of historic masonry. The
main conclusions drawn from the study are:
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• The clay samples were not sufficiently pozzolanic at 600 °C
• The clay crystal structures are disrupted, and an unstable and reactive amorphous
phase is produced by heating at a temperature range of 700–900 °C for kaolin and
montmorillonite clays

• The brick dust produced originally from the field soil is not reactive at any of the
temperatures. Hence, it is essential to identify the mineralogical composition of
brick dust before its addition to an intervention mortar

• Kaolin and montmorillonite clays are reactive at 700–900 °C, and the higher
reactivity of kaolin clay is due to the difference in crystal structure (exposure of
reactive Al groups up on dehydroxylation) and higher surface area as compared
to montmorillonite

• The maximum pozzolanic activity was obtained at 800 °C, and the fall of poz-
zolanic activity after this temperature can be attributed to the formation of new
minerals, mullite and hematite.
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Performance of Limestone Calcined Clay
Cement (LC3)-Based Lightweight Blocks

G. V. P. Bhagath Singh and Karen Scrivener

Abstract Current study explores the understanding of various parameters such as
the role of aluminum powder dosage, water-to-binder ratio, and initial curing temper-
ature on the production of lightweight blocks. Three different cementitious systems
were used: limestone calcined clay cement (LC3), Portland pozzolana cement, and
ordinary Portland cement. The aluminum powder dosage and the water-to-binder
ratio clearly influence the hardened properties of blocks, whereas the initial curing
temperature does not showmuch improvement to overall properties. Hardened prop-
erties such as dry density, compressive strength, and water absorption of blocks were
evaluated. The required aluminum powder dosage varies from system to system, and
it depends on the required density. To maintain lower density, OPC system required
higher dosage of Al powder, and it showed lower strength compared to other systems.
LC3-based lightweight blocks are produced with 3MPa strength, and it showed good
performance compared to other systems.

Keywords Light weight blocks · Limestone Calcined clay (LC3) · Portland
Pozzolana Cement (PPC) · Ordinary Portland Cement (OPC) · Aluminum (Al)
powder · Autoclave · Temperature

1 Introduction

In recent years, the utilization of lightweight concrete blocks in construction sec-
tor has increased significantly. Lightweight blocks also called as autoclaved aerated
blocks are versatile material consisting of either Portland cement or blended cements
with homogeneous pore structure created by air voids [1, 2]. Autoclaved aerated con-
crete (AAC) blocks show excellent sound and thermal insulation [3–5]. AAC blocks
having high porosity result in a lower density and thermal conductivity compared to
normal concrete [6]. Lightweight blocks bring few advantages to the construction
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sector, such as quick and easy construction, improving housing affordability, and
thermal insulating [2, 7].

Generally, AAC blocks will be produced using mechanical and chemical foaming
methodologies by introducing air voids into the matrix. Typically, aluminum metal
powder (chemical foaming) is used to produce lightweight blocks. The aeration level
depends on the water-to-binder ratio and the aluminum powder dosage [8]. The fresh
and hardened properties of blocks are dependent on the fineness of Al powder [9].
The strengthwas influenced by the size, shape, and formation of pores, age of sample,
and method of curing process [10].

The current paper explores the development of LC3-based lightweight blocks.
Aluminum powder was used as a chemical agent to create the air voids in the system.
Finally, LC3 system performance was compared with other cementitious systems
such as Portland pozzolana cement (PPC) and ordinary Portland cement (OPC).

2 Materials and Methods

PPC system consists of 30% siliceous fly ash (class F) and 70%OPC. LC3-50 system
with the typical composition as mentioned by previous authors was used [11]. The
chemical composition of rawmaterials is shown inTable 1. The calcined clay contains
48% of kaolinite content. Commercially available aluminum power (<15 µm) was
used as a chemical agent to generate air voids. The aluminum powder contains 99%
metallic aluminum content.

Table 1 Chemical
composition of raw materials
(% by mass)

Composition OPC Calcined clay Fly ash

SiO2 19.27 49.74 50.54

Al2O3 5.65 41.78 24.70

Fe2O3 3.63 2.32 9.29

CaO 63.65 0.20 5.07

MgO 1.62 0.11 2.88

SO3 3.16 0.04 0.71

Na2O 0.15 0.26 1.05

K2O 1.24 0.09 4.10

TiO2 0.29 3.42 0.95

P2O5 0.19 0.09 0.00

Mn2O3 0.06 0.02 0.00

SrO 0.26 0.02 0.00

Cr2O3 0.02 0.03 0.00

LOI 0.75 1.85 0.71
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Fig. 1 Schematic representation of curing conditions

2.1 Experimental Program

In all the systems, paste samples were prepared using two different water-to-binder
(w/b) ratios: 0.40 and 0.60. The dry powder was mixed with the desired dosage of
aluminum (Al) powder using paddle mixer for about 2 min to ensure the uniform
distribution of Al powder; further mixing was done about 2 min after the addition of
required water content. After the preparation of paste samples, samples were cured at
initial curing temperature for 24 h. Two different initial curing temperatures (20 and
40 °C) were used in this study. Samples were demolded after 24 h further autoclaved
it for 5 h at a temperature 160 °C. The detailed curing process is shown in Fig. 1.
After the autoclave process, samples were removed from the autoclave chamber and
allowed to cool down for 1 h. Finally, the hardened properties such as compressive
strength, dry density, and water absorption (24 h) were determined on autoclave
blocks.

3 Results and Discussion

3.1 Limestone Calcined Clay (LC3) Cement

Compressive strength

The influence of water-to-binder ratio and initial curing temperature on compressive
strength development with Al powder dosage is shown in Fig. 2. The higher the
Al powder content, the lower the strength. Besides, the higher the water-to-binder
ratio, the lower the strength. The influence of temperature is not very significant on
strength development.
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Fig. 2 Compressive strength variation with Al powder dosage. a w/b ratio 0.4 and b w/b ratio 0.6

Fig. 3 Dry density variation with Al powder dosage at both the initial curing temperatures. a w/b
ratio-0.4 and b w/b ratio-0.6

Dry density

The dry density variation with Al powder dosage at both water-to-binder ratio mixes
is shown in Fig. 3. The role of initial curing temperature is also shown in the same
figure. The effect of Al powder dosage clearly bought through dry density. The
increase of the water content leads to a decrease of the dry density, as expected.
Moreover, the higher the Al powder dosage, the lower the density. For constant Al
powder dosage, higher the initial curing temperature, lower the density at both the
water-to-binder ratio mixes.

Water absorption

The variation in water absorption of paste samples at both curing temperatures and
water-to-binder ratio mixes is shown in Fig. 4.Water absorption content is increasing
with the Al powder dosage. Initial curing temperature at 40 °C is slightly higher in
the water absorption compared to initial curing temperature at 20 °C. The higher
water-to-binder ratio shows higher water absorption at any Al powder dosage.
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Fig. 4 Water absorption variation with Al powder dosage at both the initial curing temperatures.
a w/b ratio-0.4 and b w/b ratio-0.6

Fig. 5 a Compressive strength and b dry density variation in different systems with Al powder
dosage at w/b ratio 0.4

3.2 Compressive Strength Variation in OPC, PPC, and LC3

Systems

Figure 5 shows the strength and the dry density measured for PC, PPC, and LC3 for
various Al powder dosages. Systems using 0.4 water-to-binder ratio and 20 °C as
initial curing temperature are shown. LC3 and PPC show similar results in terms of
strength and dry density. Both systems perform slightly better than PC.

3.3 Comparison of Similar Densities in OPC, PPC, and LC3

Systems

Finally, two different densities such as 1300 and 1000 kg/m3 are designed in all
the systems by varying the Al powder dosage. In case of 1300 kg/m3, the required
amounts of Al powder dosage for LC3, PPC, and OPC are 0.30, 0.32, and 0.21%.
1000 kg/m3 dry density was obtained by utilizing the Al powder dosage in LC3,
PPC, and OPC which are 0.58, 0.68 and 0.61%. The designed and obtained densities
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Fig. 6 Comparison of hardened properties in various systems at similar dry densities. aDry density
1300 kg/m3; b dry density 1000 kg/m3

in various systems are shown in Fig. 6. The strength and water absorption for each
density in all the systems are also plotted in the same figure. Results clearly show
that designed and obtained densities in all the systems are very close. Lower density
leads to lower strength and higher water absorption. At higher density (1300 kg/m3),
LC3 and PPC systems show almost similar strength and water absorption. OPC
system reaches lower strength and higher water absorption. Coming to lower density
(1000 kg/m3), LC3 performs better than the two other blends, as shown by the higher
strength measured.

4 Conclusions

The following conclusions are drawn from this study.

1. LC3-based lightweight blocks are produced with lower density with 3 MPa
compressive strength.

2. LC3 system required lesserAl powder dosage compared to PPC andOPC systems
for low-density blocks.

3. LC3 system shows good performance compared to PPC and OPC systems.
4. In all the systems, density is proportional to the compressive strength and

inversely proportional to water absorption.
5. Higher initial curing temperature followed by autoclave process does not show

much influence to the overall strength development.
6. Water-to-binder ratio plays a major role in strength development.
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Alternative Masonry Binders and Units
Using LP Cement–Soil–Brick Powder
Blend and Low-Molar Alkaline Solution

P. T. Jitha, Pooja Revagond and S. Raghunath

Abstract Small-scale production of low-cost cements can be an alternative to the
conventional cement in the masonry applications. Lime-based products can poten-
tially replace ordinary Portland cement (OPC) in the production of masonry mortar.
Lime–pozzolana cement (LPC) is one such binder which can be produced using
low capital-intensive infrastructure. They can be used as alternatives to conventional
mortar in low-rise load-bearing masonry applications. A variety of locally available
ingredients can be used along with LPC to produce moderate-to-high-strength mor-
tars. This paper provides the details of the mortar mixes which have been produced
using predominantly soil and brick powder. An attempt has beenmade tomobilize the
strength gain not only through the hydration of the LPC and pozzolanic materials but
also through low-molar alkaline activation. It is well known that alkaline solution can
be usedwith reactive silica and/or alumina, and alkali activation can be achieved even
at ambient tropical temperatures. This paper provides the details of how the alkaline
solution was optimized. Mortars need to be evaluated for strength and workability.
All the strength properties needed for classification of mortar have been evaluated.
It is found that the strength development depends on the combination of pozzolanic
reaction and geopolymerization. All the mixes achieved adequate strength for appli-
cation in masonry construction. The masonry properties are comparable to cement
mortar, and some values have outperformed.

Keywords Alternative mortar · Lime–pozzolana cement · Alkaline solution ·
Brick powder
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1 Introduction

The acceptance of alternative building materials and technology in masonry building
construction is still in a nascent stage. Currently used building materials are predom-
inantly cement based and are capital- and energy-intensive. Limestone deposits that
are not utilized by cement industry can be exploited to produce lime and lime-based
cements, at a lower cost [1]. In the current scenario, the use of lime and lime-based
materials in buildings are yet to cross the label ‘local or rural material’, and the
benefits of these are under-explored. The practice of the blend of surkhi (burnt clay)
and lime was popular till the twentieth century until the advent of cement. They
are excellent for the masonry mortar and masonry units as the three-to-four-storied
building seldom requires more than 10 MPa strength [2]. According to Yogananda
et al., lime–pozzolana cement (LPC) can replace the ordinary Portland cement (OPC)
in load-bearing masonry buildings [3].

The artificial and natural pozzolanas like ground-granulated blast furnace slag
(GGBS), fly ash, burnt clay from bricks, clay tiles, etc., can be potentially utilized as
supplementary cementitiousmaterials. Amajor portion of the industrial by-products,
GGBS and fly ash are generally consumed by concrete industry. Grist et al. [4]
challenged the misconception that the lime-based construction materials are weak,
slow setting and cannot replace the conventional cement in their study on lime-based
mortars. Their study explored the possibilities to produce alternative mortar with
compressive strength of 25 MPa using pozzolanas like silica fume, GGBS, etc.

Another emerging dimension in the current context relates to re-cycling or re-
engineering of construction and demolition waste (CDW) that are available in large
quantities. Brickmasonrywaste has a potential of being used as a pozzolanicmaterial
in lime-based products. The daily production of CDW is roughly 3200 tonnes per
day in Bangalore [5]. Yet another study shows that in India, the bricks and masonry
contribute 30–35% of the total CDW which is 3–4 million tonnes annually [6]. The
utilization of this by a small percentage as fine or coarse aggregates in masonry
products can reduce the material that goes to landfill. The recycled or crushed fine
or coarse brick aggregates cannot be used in conventional concrete. There are very
few studies in this regard.

Soil which is plentiful in nature can be potentially utilized for themasonry binders
or blocks. There are extensive studies on stabilized mud blocks (SMB). The develop-
ment of the block-making machine ‘Mardini press’ gave wider acceptance to SMBs
[7]. Burnt clay as surkhi has been explored by many researchers [3, 8]. Metakaolin
(MK)-based studies are in plenty, but soil remained as less explored material [9, 10].
It is reported that MK can be used as an additive, as pozzolanic material in Portland
cement concretes or activated directly mixing with lime [11].

Geopolymer is emerging as an alternative to cement and is reported to be feasible
for production of precast unit. It is well-known that geopolymer-based materials
are better suited for precast products; nevertheless, masonry can be considered as
‘precast’ units. A study by Zhang et al. shows that metakaolin-based geopolymer
can be effectively used as soil stabilizer for clayey soil [12]. A combination of
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geopolymerization and pozzolanic reaction can be utilized in masonry production.
As the alkaline solution is not available naturally, it may affect the cost factor, but
low-molar alkaline solution can be taken into consideration. The low-molar alkali
activation can be achieved even at ambient tropical temperatures. Solar curing along
with locking of moisture can be achieved by sealing the samples in plastic covers
and keeping it under sunlight [13].

There is a scope to develop low energy-intensive, cost-effective and sustainable
alternativemasonry productswithLPCor pozzolana cement alongwith alkaline solu-
tion and other industrial by-products. In the current study, an attempt has been made
to develop alternative masonry binders and blocks with locally available materials
and low-molar alkaline solution as activators.

2 Objectives

The objectives of the experimental study are as follows:

• Bind the ingredients using low-molar alkaline solution
• Evaluate mortar strength and other masonry properties
• Evaluate the physical properties of bricks made using LPC, low-molar alkaline
solution and brick masonry waste.

3 Experimental Program

The preliminary study involves production of LPC with locally available materials,
low energy-intensive and in small scale by unskilled manpower. Further, the char-
acterization of materials and the optimization of alkaline solution are done. Then,
LPC–soil–brick aggregates geopolymer masonry products are developed, and the
strength properties are evaluated.

A series of studies have been done to optimize the alkaline solution, i.e. 8–4 M,
and then it further reduced to 2 M alkaline solution. Further, an attempt has been
made to reduce the sodium hydroxide to sodium silicate ratio, i.e. from 1:2.5 to 1:1
[13, 14].

3.1 Materials

LPC: It is produced in custom-made kiln in laboratory conditions. Soil passing
through 600 µm and calcium carbonate in 1:1 proportion are used in the production.
They, along with water, are mixed thoroughly in pan mixer and spread on an acrylic
sheet to a 10 mm thickness, cut into 100 × 100 mm to make briquettes. It is then
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Fig. 1 Flowchart for LPC production

allowed to dry and stored. Further, it is burnt in the kiln at a temperature of 600–
900 °C for 3–4 h. The burnt briquettes are then powdered to a size less than 90µmand
stored in air-tight containers [13]. The flowchart for the production of LPC is shown
in Fig. 1. The physical characteristics of LPC as per IS 4098-1983 are provided in
Table 1.

GGBS: Commercially available GGBS is used in combination with LPC. The
specific gravity of GGBS is found to be 2.68 and fineness of 416 m2/kg.

Cement: The OPC of 53 grades is used to replace LPC partially to compare the
strength parameters. The specific gravity of GGBS is found to be 3.15 and fineness
of 340 m2/kg.

Soil: The soil procured locally is crushed and sieved through 2.36 mm sieve. The
physical properties of soil are determined as per IS 1498-1970 [15] and provided in
Table 2.

Brick powder: Surkhi can be used as substitute of sand for concrete and mortar, and
almost the same function as of sand. In current study, the bricks are crushed in the
ball mill and sieved through 2.36-mm sieve. The specific gravity is 2.5, and the water
absorption is of 20%.
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Table 1 Physical properties of the LPC [14]

SI. No. Parameters tested Values Requirements

1 Specific gravity 2.58 –

2 Fineness by air permeability test 844.6 m2/kg Minimum 250 m2/kg

3 Initial setting time 4 h Minimum 2 h

4 Final setting time 24 h Maximum 48 h

5 Normal consistency 80% –

6 Soundness test 6–3 mm <10 mm

7 7-day average wet compressive
strength of mortar cubes of
50 mm size (1LPC:3Sand)

0.73 MPa Minimum 0.3 MPa for LP7 grade
LPC

8 28-day average wet compressive
strength of mortar cubes of
50 mm size (1LPC:3Sand)

1.25 MPa Minimum 0.7 MPa for LP7 grade
LPC

Table 2 Physical properties
of soil

SI. No. Parameter tested Values

1 Specific gravity 2.60

2 Liquid limit 34.00

3 Plastic limit 16.63

4 Shrinkage limit 14.84

5 Plasticity index 17.73

6 Free swell ratio 1.05

7 Sand content (%) 14

8 Silt content (%) 36

9 Clay content (%) 50

10 Type of soil based on IS
classification

CH-fine grained, highly
compressible clay

Brick aggregates: The bricks are crushed, and the material passing through 10 mm
and retained on 4.75-mm sieve is collected as aggregates. The specific gravity is 2.2,
and the water absorption is 15%.

Alkaline solution: Alkaline solution of 2 M, NaOH and Na2SiO3 in the ratio 1:1 is
used.

3.2 Process

The materials are weighed according to their proportion and dry mixed thoroughly
in planetary mixer. Next, the alkaline solution is added to get the desired consistency.
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Fig. 2 Combination cured
samples

The mix is filled into the prepared moulds by ‘adobe method’ which can be achieved
without compaction energy. The adobe method is preferred since the mix is in plastic
form. The quantity of solution is on higher side compared to SMBs or rammed earth.
The mixes with alkaline solution settle quickly making compaction difficult. One of
the main advantages of adobe process is the non-usage of any compaction equipment
and thus can avoid capital cost.

The samples are demoulded once they are set and cured by ‘combination curing’.
To achieve both geopolymerization and pozzolanic reaction, moisture-trapped heat
curing is availed. The combination of cured samples is shown in Fig. 2.

3.3 LPC–Brick Aggregates Alkaline Solution-Based Mortar
Mixes

Different mortar mixes using LPC, cement, GGBS, brick powder (brick bats crushed
to sand size) in different proportion and geopolymer solution of 2 M 1:1 are studied.
Various mix proportions studied are shown in Table 3.

Results and Discussion
The mortar strength is mainly evaluated by its workability and bond strength. The
workability of mortar is significant to cater the aesthetics and workmanship in addi-
tion to the flow and cohesion. The adequate bond strength is important to resist wind
or earthquake or any other movement. In-plane shear stresses are developed due to

Table 3 LPC–brick aggregates alkaline solution-based mortar mixes

SI. No. Mix Proportion of materials used

LPC Cement GGBS Soil Brick powder

1 M1 1 – – 1 2

2 M2 0.5 0.5 – 1 2

3 M3 0.5 – 0.5 1 2
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lateral loads such as earthquake. There are different bond strength evaluation meth-
ods available. In the current study, the bond strength is found in two ways—tensile
adhesion by cross-couplet and shear strength by triplet test.

All the strength and physical mortar characteristics are tested for all the mixes
mentioned in Table 3. The respective results are compared with cement mortar 1:6
(CM) [16].

The burnt clay bricks of size 230× 105× 75 mm which are procured locally are
used for tensile adhesion test and triplet test. The average compressive strength and
water absorption of the brick are 7.5 Mpa and 18%, respectively.

The cross-couplet test set-up and tested sample are provided inFig. 3. It is observed
that the failure happened in the brick for few samples instead of the mortar joints
because of high tensile strength of mortar and very good bond strength.

The shear strength of the mortar is found by triplet test. The set-up and the sample
are shown in Fig. 4. The samples have outperformed, and the failure happened in

Fig. 3 Cross-couplet test set-up and tested sample

Fig. 4 Triplet shear test set-up and tested sample with failure pattern
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Table 4 Test results on LPC–brick aggregates alkaline solution-based mixes

SI. No. Tests Mortar mixes CM [16]

M1 M2 M3

Strength characteristics

1 Wet compressive
strength (MPa)

11.20 17.30 20.00 5.20

2 Flexural strength
(MPa)

2.30 3.53 2.94 1.93

3 Tensile strength
based on briquettes
(MPa)

1.14 1.28 1.41 0.89

4 Tensile adhesion by
cross-couple test
(MPa)

0.09 0.12 0.11 –

5 Shear strength by
triplet test (MPa)

0.30 0.34 0.40 0.023

Physical characteristics

1 Water absorption (%) 14.50 14.80 10.00 –

2 Mortar density
(kg/m3)

1899 1927 1929 2100

3 Workability (% of
solution)

35 28 27 45

4 Initial setting time
(min)

6 12 18 30

5 Final setting time
(min)

20 34 40 600

brick for few samples. The strength and physical characteristics’ results are shown
in Table 4.

The compressive strength of all the mixes has attained target strength and falls
under the category of H1 grade as per IS 1905-1987 [2]. Tensile and flexure strength
of the mixes are high compared to CM 1:6 [16]. Tensile and shear bond strength
of the mixes are found to be high in all mixes. Initial setting time of the mixes is
low compared to cement mortar and should find a way to delay the quick setting for
better workability.

3.4 LPC–Soil–Brick Aggregates Alkaline Solution-Based
Units

The mortar mixes with LPC, cement, GGBS, soil passing 2.36-mm sieve and brick
aggregates are outperformed in all different mix varieties. An attempt has been made
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to develop blocks using brick aggregates in addition to mortar mixes. The mixes are
listed in Table 5.

Results and Discussion
The custom-made brick moulds of size 230 × 105 × 75 mm are used for casting
bricks. Themould consists of a bottom plate with frog and two detachable side pieces
which are screwed together for the ease of demoulding.

The compressive strength and water absorption tests are conducted for all the
units. The test results are shown in Table 6.

The developed brick mould, brick with compression strength test set-up and the
tested sample are shown in Fig. 5.

Table 5 LPC–brick aggregates alkaline solution-based units

GP Mix Proportion of materials used

LPC Cement GGBS Soil Brick powder Brick aggregates

SB-1 1 – – 1 2 4

SB-2 0.5 0.5 – 1 2 4

SB-3 0.5 – 0.5 1 2 4

Table 6 Test results for
LPC–brick aggregates
alkaline solution-based units

Mix Average compressive
strength (MPa)

Water absorption (%)

SB-1 4.5 17.3

SB-2 4.6 17.1

SB-3 8.2 12.2

Fig. 5 Brick mould, compression test set-up and tested brick
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The strength of all the brick samples is satisfying, and it is noticed that SB-3
outperformed of all other mixes. The failure pattern is of ‘hourglass’ failure, and the
cracks through the brick aggregate indicate good interface bonding.

4 Concluding Remarks

• Locally available soilwith high clay content can be used for producingmortar/units
with less energy in an economic way.

• Surkhi/brick powder can be used as replacement of sand, since it addsmore amount
of silica and alumina and also acts as filler material.

• The combination of LPC and GGBS has given high compressive strength and
less water absorption as compared to other mixes. It is found that it has good
workability and could achieve high strength.

• Combination curing ensured the thermal activation without moisture loss which
was required for hydration in all the mixes.
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