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2005-2008
SDC-SNSF Project

Calcined claysfor
pozzolans

2009-2012
SDC-SNSF Project

Ternaryblendcement
calcined clay-limestone

2013-2020
SDC-ClimateChange

LowCarbonCement

The pursuit of sustainable alternatives to replace Clinker with 
Supplementary cementitious Materials

Collaboration with Prof. Karen Scrivener and LC3 Project
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Identification of the 
άǊƛƎƘǘέ Ŏƭŀȅǎ



www.LC3.ch

5

Clay as raw material

Criteria Alumina content Ratio Al2O3/SiO2

Clay for clinker Medium to low Low

Clay for calcined clay High High

Clays normally used for cement production are different from the clays 
needed for the production of calcined clay!
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Clay is a fine grained natural rock,
sediments,soils composedof one mor
more clay minerals and other non-clay
minerals.

Clay minerals are hydrated
phylosilicates,which form part of
rocks, sedimentsandsoils

Bergaya, F., Theng, B.K.G., Lagaly, G. (Eds.), 2006. Handbookof ClayScience, ElsevierLtd., 
Amsterdam, Netherland.
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Na+, Ca++, H2O

²ƘƛŎƘ ŀǊŜ ǘƘŜ άǊƛƎƘǘέ ŎƭŀȅǎΚ
silicon

aluminium

Kaolinite (1:1) Illite(2:1) (Micas) Montmorillonite (2:1)(Smectites) 

The main difference between kaolinite and other 

clay minerals is the Si/Al ratio
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Clay minerals get formed by transformation/neoformation
of pre-existing rock-forming aluminosilicatesminerals

Primary deposits:
In situ alteration of 

aluminosilicates (weathering, 
ƘȅŘǊƻǘƘŜǊƳŀƭΣΧύ 

Secondary deposits:
Eroded, transported 

and deposited 
sediments

Chemical composition of the weathered rock, water/rock ratio and 
water pH are the principal factors determining the type of clay 

minerals formed

Temperature and time influence the rate of the chemical processes

Origin of kaolinitic clays
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How do kaolinitic clays occur

Clay deposit, South America Kaolinitic mine tailings, India
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World Kaolinite Map

topsoil

subsoil

Plenty of 
kaolinitic clay 
deposits almost 
everywhere
Ito and Wagai, Scientific data 2017
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Very good match between 
cement plant locations and 
clay & limestone deposits

Global CementDirectory2022

A. Ito, R. Wagai, Global distribution of clay-size 
minerals on land surface for biogeochemical 

and climatological studies, 2017.
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Kaolinitic clays. Europe

topsoil subsoil

Ito and Wagai, Scientific data 2017
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Kaolinitic clays. Spain
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Kaolinitic clay availability vs. cement plants nearby
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Quick screening of 
kaolinitic clays
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Step for mining clays

Regional 
studies

Geological 
survey

Assessing 
potential

Geological 
assessment

Geological 
Prospection

Geological 
exploration

Mining 
operation

C
o
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m
2

Degree of knowledge

Technological 
investigationRegional 

Geological 
Services

Geology 
Institute
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Screening clay 
candidates

Choosing the final 
clay candidate

Calcination 
parameters

Cement 
formulation

Feasibility
CAPEX/OPEX

Clay deposit 1

Clay deposit 2

Clay deposit 3

R3 protocol

Bound water

Heat hydration

Lithology

Chem composit.
ӳ Suitable 

candidate

ӳ Kaolinite  
content

PSD raw feed

Temperature

Residence time

Std. Mortar

Heat hydration
ӳ

Calcination 
technology

Grinding strategy

Sulphate/alkalis

C. Clay/LS ratio

Std mortar

rheology

Heat hydration

Market 
products

How to bring LC3 from a lab experiment to a successful industrial 
project?

Std. Mortar

Decision 
making

The following steps have 
been validated through 
the work with several 
cement companies in 
various regions of the 
world with whom 
Ecosolutionshas worked 
ǿƛǘƘΧ
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Criteria for quick screening clays

60% Quartz

40% Kaolinite

Å% Al2O3 = 15,8

Å% Al2O3 / % SiO2 = 0,2

Å% OH- = 5,6

Å% Al2O3 > 18

Å% Al2O3 / % SiO2 > 0,3

Å% LOI  > 7,0

Theoretical criteria Empirical criteria

Alujas, Almenares, unpublished work 2016-2019

The presence of accompanying minerals may compromise this assessment
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Exploration of a clay deposit

19

Geological exploration (~20m)

Exploratory sampling (1-3m)

Previous studies (~20m)

Surface sampling

Sampling pits
Grid spacing: 100-250 m
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Exploration of a clay deposit
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Sample preparation

S1: 20%
S2: 20%
S3: 20%
S4: 20%

S5: 20%

1

25

4 3

S1 S2

S1: 20%
S2: 20%
S3: 20%
S4: 20%
S5: 20%

S3

S5 S4

The material should be ground for a sand grain size distribution and dried



www.LC3.ch

22

The experimental testing protocol

Kaolinite 
content

ωTG vs XRD

Reactivity

ωR3 protocol

ωOther protocols

Final 
decision on 

raw 
materials
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ÅX ray Fluorescence (XRF)
ÅAtomic Absorption Spectroscopy (AAS)
ÅInductively Coupled Plasma-Atomic 

Emission Spectrometry (ICP).

SiO2 Al2O3 Fe2O3 CaO K2O MgO Na2O P2O5 TiO2 LOI

FRX 48,19 22,57 6,77 1,87 1,26 1,43 0,23 0,06 0,96 14,99

ICP-MS 48,95 22,49 6,92 1,82 1,24 1,42 0,2 0,06 0,93 14,09

Chemical composition using different techniques

Chemical composition
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TG-DTA technique for kaolinite content
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Dry
weight(
P200)

Weight400ºC 
(P400)

Weight
600ºC (P600)

FrancoisAvet, 2018

Simplified test for determining kaolinite 
content (Lab oven test)
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Samplepreparationis crucialfor
the quality of the results
(preferentialorientation)

Phase identification including 
amorphous content, and 
quantitative analysis (Rietveld)

Mineralogical characterization
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I %K>60 (very reactive)

II 60>%K>40 (good reactivity)

III %K<40 / 2:1 clays (poorly reactive)

IV Presence of CaO/SO3 rich minerals

Relation between overall chemistryand clay content

Alumina content is crucial in 
terms of reactivity

Accompanying minerals such 
as calcite or pyrite can lead to 
LOI (not corresponding to OH -
lost)
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Dehydroxylation of accompanying minerals

0ºC 200ºC 400ºC 600ºC 800ºC 1000ºC
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AluniteKAI3(SO4)2(OH)6

Aluminumhydroxide

PyriteFeS2

Calcite

2:1 clayminerals

1:1 clayminerals

The presence of 
accomanying materials 
needs to be carefully 
observed
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Identification of technological types

Typically there is a 
layer of top soil, 
then a clay layer up 
to 20 -30m thick and 
then the bedrock. 

To find the best 
areas to take  clay it 
is important to 
survey the quarry 
correctly



www.LC3.ch

30

Estimatingclayreserves

The 3D map of 
the clay deposit 
will provide 
information on 
proven clay 
reserves
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Thermal activation 
of kaolinitic clays
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Calcined kaolinite content is the overwhelming parameter for 
reactivity

» Still some deviations are observed, especially for clays 
between 30 and 60% of calcined kaolinite

» What could be the reasons for such deviations?

Å Fineness 

Å Specific surface

Å Amorphous content

Å Iron content

» Similar strength to PC for blends containing 40% of 
calcined kaolinite from 7d onwards

» At 28 and 90 days, little additional benefit >50%

PC strength

Francois Avet
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Thermal activation

Hanein, T., et al., Claycalcinationtechnology: state-of-the-art reviewby the RILEMTC282-CCL. MaterialsandStructures,2022. 55(3). DOI: 10.1617/s11527-021-01807-6.
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Calcinationwindow

Å ~ 5 %

Å ~ 5 %

Å ~ 14 %

The calcination 
window for kaolinite 
is theoretically 
between  
500 and 650 ºC

But normally 
calcination should 
take place at 
slightly higher 
temperatures

Optimal range is 
700 -800oC

temperatures 
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Kaolinite
%wt Al2O3 : 36.4
%wt Fe2O3 : 0.8

IV

V

VI

RT

600ÁC

800ÁC

Kaolinite (1:1) Al2(OH)4Si2O5

Metakaolinite , Al2Si2O7

(ppm)
-200-150-100-50050100150200

* *

* *

* *

* : spinning sidebands

StructuralDisorder

27Al NMR shows that the structural disorder increases between 600 and 800 oC

The appearance of V 
coordination Al 
indicates the 
structural that takes 
place during 
calcination

This is happening at 
temperatures 
between 600ºC and 
800ºC
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925°C

Importance of correct firing window

Agglomeration occurs 
at higher 
temperatures.

Specific surface 
decreases (reactivity)
Above 950 ºC 
re -crystallization 
occurs
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600ºC: incomplete 

dehydroxylation of kaolinite

850ºC: effect of coarsening 

/ sintering / and decrease 

of specific surface

Strength as indicator of reactivity
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Avet, F. H. 2017 Investigation of the grade of calcinedclaysusedas clinker substitute in LimestoneCalcinedClayCement(LC3). PhD
Thesis. Laboratoire des Matériaux de Construction, Faculté des Scienceset Techniquesde L'ingénieur. Lausanne,Suisse: École
PolytechniqueFédéralede Lausanne.

Heat of hydration vs. kaolinite content
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Strength in standard mortars is the ultimate criteria

» Kaolinite content 
correlates very well with 
compressive strength in 
standard mortars (EN-
197)

» Properties of a CEM I 
42,5 can be met with a 
minimum of 40% 
kaolinite

» Blending clays could 
enable a good use of 
resources, yet fulfilling 
target properties

Clay QX 
K (40-50%)

Clay QY 
K ~ 30%)

Blend of 
68%QX + 
32%QY
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Clay calcination in a rotary kiln

Structural 
OH

Two stage process:

1. Removal of absorbed water 
(first shaft)

2. Removal of chemically 
bound water(second shaft)

The heat generated in the firing 
chamber is used to dry the incoming 
material. Flexibility for moisture content 
(change rotation speed first shaft) and 
output

Firing temperature: 850-900ºC
Residence time: 20-25 min 
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In the firing chamber due to 
combustion and the high 
ǘŜƳǇŜǊŀǘǳǊŜ ό¢җ сллȏ/ύ ŦƻǊƳŀǘƛƻƴ 
of magnetite prevails

However, during cooling, if the 
material reaches 600ºC and below 
in a O2 rich environment, 
hematite can form again

0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fe phase assemblage during calcination & cooling
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Results of implementing color control, India

Calcinedclay
Calcinedclay

Raw Clay

Calcined Clay
with Color Control

Calcined Clay
without Color Control

Color control in industrial clay calcination; Fernando Martirenaet al. RILEM 
¢ŜŎƘƴƛŎŀƭ [ŜǘǘŜǊǎ όнлнлύ рΥмπт 

DOI:http://dx.doi.org/10.21809/rilemtechlett.2020.107


