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Cement fabrication
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20%
Clay

80%
Limestone

CaCO3

Clinker Cement
+ gypsum

GrindingCalcination

Cuba Industrial trial
Jan 2013: Clay sourcing
Pontezuela (300 t)

March 2013: Clay calcination
Siguaney (110 t

August 2013: Cement 
grinding (130 t)

Sept-Dec. 2013: Cement use in 
construction

Jan-July 2014: Evaluation of 
concrete made with LC3

+

1450 °C

But due to the huge amount produced…
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20%
Clay

80%
Limestone

CaCO3

Clinker

Calcination
+

CaCO3 à CaO + CO2
Cement and concrete production 

responsible for roughly 8% of man-
made CO2 emissions60% of CO2 emissions

40% of CO2 emissions1450 °C
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Limited supplies of common SCMs
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Karen Scrivener, EPFL, Switzerland
Vanderley John, USP, Brazil
Ellis Gartner, Imperial College, UK

Can be downloaded for free 
at multiple sites.

Before all…. Concrete IS an environmentally friendly material
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But we use A LOT of it

The demand of cement will come from developing economies

How cement works

7Cement grain water hydrates

Reaction with water increases solid volume, joins grains together
We only have (one) the Earth
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Only 8 elements constitute >98% or the earth’s crust
Even elements we regard as common are more than 1000 times LESS abundant that the elements found 
in cement – cost and geographical distribution
The composition of the Earth’s Crust limits the possible chemistries

Composition of Earth’s crust
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What about the different oxides we have available
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Na2O

K2O

Fe2O3

MgO

CaO

SiO2

Al2O3

Too soluble

Too low mobility in alkaline solutions

The most useful

What about the different oxides we have available

10Lothenbach et al., 2011
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Too soluble

Too low mobility in alkaline solutions

The most useful

Portland cement based solution will remain to be dominant
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• Incredible economy of scale (clinker is produced everywhere at very low cost)

• Raw materials are abundant and widely distributed

• Easy to manipulate by low skilled workers (good solution for developing economies)

• Robust

Portland cement based solution will remain to be dominant
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Clinker substitution most successful strategy to reduce CO2

• Almost no progress in last 5 years
• Only 3 substitutes used in quantity
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Limited supplies of common SCMs
» Clinker production: Most expansive and highest emissive step in cement production
» Reduction of these impacts using SCMs. But most of SCMs facing global shortage
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~ 5%
Anthropogenic CO2

emissions
(EPA)

(CEMBUREAU, 2015)

4600
Million of tons of 
Portland cement

(UNEP, 2016)

Calcined clay

Rice husk ash

Silica fume

Burnt shale

Nat. pozzolan

Slag

Fly ash

Cement

Limestone

Mill. ton/year 1000 2000 3000 40000

Used in cement

Reserve

Significant volumes with low performance
626

Kilograms per capita
per year

(UNEP, 2016)

Limestone Calcined Clay Cement (LC3)
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50% 
clinker

30% 
calcined clay

15% 
limestone

5% 
gypsumLower clinker content

+

Clay calcination at 800 °C
No chemical CO2

Up to 40% of reduction of CO2

emissions

Highest pozzolanic potential for kaolinite Antoni (2012)
Fernandez (2011) 

Three types of basic clay structure 

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

Na+, Ca++, H2O 

Understanding 
crystal structure and  
decomposition 
helps to understand  
whether they can be  
substitutes for cement 
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» Kaolinite
» Higher amount of hydroxyl groups
» Hydroxyl groups at the edge of the structural layer
» More disorder favored during calcination

Calcination
Kaolinite à Metakaolin

AS2H2 à AS2 +2H

Highest pozzolanic potential for kaolinite

16

» Calcined clay cement mortars: 
comparison between calcined 
kaolinite, illite and montmorillonite

» Much higher strengths obtained for 
calcined kaolinite blend

Following Love et al. [24], while the peak at 70 ppm is assigned to Al[4]

in C–S–H, the overlapping peak at 60 ppm is assigned to tetrahedral Al
in an aluminosilicate anion in the interlayer of strätlingite (C2ASH8),
an AFm-type phase. This peak was not detected in the control paste,
showing that it is a phase that developed due to the presence of
calcined clay in the system. The strong indication of strätlingite in
paste k600 could explain the reduced intensity of AFt phases
(11 ppm), as one probably develops at the expense of the other.
EDS microanalysis indicated some areas with compositions consistent
with stratlingite. Due to the fine intermixing of phases, it is not
possible to conclude if the stratlingite phase contains other elements
(such as sulfate) in a solid solution. Also, according to Faucon et al.
[25] and Andersen et al. [26], a minor peak at around 30 ppm could be
assigned to Al[5], substituting for Ca in the interlayer of C–S–H.
Although this signal can be seen for the hydrated paste k600, it might
well be a contribution from Al[5] in calcined kaolinite.

The 27Al NMR results for the reactive clay blends indicate the
formation of AFm phases such as strätlingite. This could be due to the
fact that more aluminium is provided to the system when calcined
clay minerals dissolve in the alkaline environment of the cement
paste. In other words, the pozzolanic potential of kaolinite over the
other structures could be explained by the fact that its structure has a
higher content of hydroxyl groups. As many of these are located at the
edge of the structural layer, these groups increase the potential for the

creation of disorder by dehydroxilation during thermal treatment.
Favoring the dissolution and reaction of aluminium ions with calcium
ions provided by the cement.

BSE images of the pastes at 28 days are shown in Figs. 9–12. The
pure portland paste exhibits an even distribution of calcium
hydroxide crystals over the microstructure. The cement grains are
surrounded by a clear layer of “inner” C–S–H hydrate. Several Hadley
grains can be identified at the top left area of the image. Dark zones
indicate zones of lower density of hydrates and increased quantity of
small pores. This coarse porosity is not observed for sample k600,
which shows a very homogeneous and dense microstructure. The
layer of hydration products around the anhydrous cement grain is less
pronounced. This may be due to the presence of calcined clay
providing surfaces for the hydrates to nucleate and grow away from
the cement grains. Agglomerates of calcined kaolin particles can be
easily recognized by their gray level, which is lower than that of CH
and even C–S–H. This is due to their low calcium and high alumina
content. Although TGA showed that CH is still present in this system at
28 days, CH clusters are not visible in the microstructure, suggesting
that CH is more finely divided and part of it reacted with the pozzolan
to form AFm and C–S–H phases. Direct evidence of pozzolanic activity
is almost impossible to detect in the cement microstructure. First
because the most reactive grains are the smaller ones that are difficult
to see even at high magnification, and second because the C–S–H they
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Fig. 13. Compressive strength and degree of hydration at 28 days of calcined-clay-cement mortars.
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Fig. 14. Sorptivity (left) and capillary porosity (right) of calcined-clay-cement mortars.

120 R. Fernandez et al. / Cement and Concrete Research 41 (2011) 113–122
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with stratlingite. Due to the fine intermixing of phases, it is not
possible to conclude if the stratlingite phase contains other elements
(such as sulfate) in a solid solution. Also, according to Faucon et al.
[25] and Andersen et al. [26], a minor peak at around 30 ppm could be
assigned to Al[5], substituting for Ca in the interlayer of C–S–H.
Although this signal can be seen for the hydrated paste k600, it might
well be a contribution from Al[5] in calcined kaolinite.

The 27Al NMR results for the reactive clay blends indicate the
formation of AFm phases such as strätlingite. This could be due to the
fact that more aluminium is provided to the system when calcined
clay minerals dissolve in the alkaline environment of the cement
paste. In other words, the pozzolanic potential of kaolinite over the
other structures could be explained by the fact that its structure has a
higher content of hydroxyl groups. As many of these are located at the
edge of the structural layer, these groups increase the potential for the

creation of disorder by dehydroxilation during thermal treatment.
Favoring the dissolution and reaction of aluminium ions with calcium
ions provided by the cement.

BSE images of the pastes at 28 days are shown in Figs. 9–12. The
pure portland paste exhibits an even distribution of calcium
hydroxide crystals over the microstructure. The cement grains are
surrounded by a clear layer of “inner” C–S–H hydrate. Several Hadley
grains can be identified at the top left area of the image. Dark zones
indicate zones of lower density of hydrates and increased quantity of
small pores. This coarse porosity is not observed for sample k600,
which shows a very homogeneous and dense microstructure. The
layer of hydration products around the anhydrous cement grain is less
pronounced. This may be due to the presence of calcined clay
providing surfaces for the hydrates to nucleate and grow away from
the cement grains. Agglomerates of calcined kaolin particles can be
easily recognized by their gray level, which is lower than that of CH
and even C–S–H. This is due to their low calcium and high alumina
content. Although TGA showed that CH is still present in this system at
28 days, CH clusters are not visible in the microstructure, suggesting
that CH is more finely divided and part of it reacted with the pozzolan
to form AFm and C–S–H phases. Direct evidence of pozzolanic activity
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because the most reactive grains are the smaller ones that are difficult
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Fernandez (2011) 

Calcined clay cement mortar

Calcination
Kaolinite à Metakaolin

AS2H2 à AS2 +2H
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Wide availability of kaolinitic clays: yellow, red and pale green areas

17
USDA NCRS (2005)

Suitable clays presently stockpiled as waste

We do not need pure kaolinitic clays

18

» Already used by other industries 

» How does the kaolinite content of 
clay influence the properties of LC3

blends?

Kaolinite content in clay (%)

Pure kaolinite 
/ metakaolin

Used by paper, ceramics, 
cosmetics

Might not be reactive 
enough

Clays stockpiled as wastes. Not 
used by any other industries

0% of kaolinite 50% of kaolinite 100% of kaolinite

19

Limestone Calcined Clay Cement (LC3)
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Limestone Calcined Clay Cement (LC3)

AS2 + 3CH + 6H C-A-S-H + C2ASH8

Calcined clay (metakaolin) – pozzolanic reaction

Limestone reaction with clinker aluminates 

C3A + Cc + 11H C4AcH11

C3A + 0.5Cc + 0.5CH + 11.5H C4Ac0.5H12

Limestone reaction with aluminates from calcined clay 

AS2 + 0.5Cc + 3.5CH + 8.5H C4Ac0.5H12Synergetic effect in LC3

metakaolin strätlingite

limestone

limestone

monocarboaluminate

hemicarboaluminate

metakaolin hemicarboaluminate

Reactivity
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Typical LC3 mixture designs 30%

15%
5%

50%

22.5%

22.5%

5%

50%

15%

30%

5%

50%

Clay to Limestone

2/1

1/1

1/2

OPC Calcined 
Clay

Limestone Gypsum

Which clinker factor I will use?

30%

15%
5%

50%

20%

10%
5%65%

LC3-65 2/1 

CEM II/B-Q-LL

LC3-50 2/1
CEM II/C-Q-LL

Wide range of calcined clay composition

» Kaolinite content determination by TGA

Calcined kaolinite content (%)
=  Kaolinite raw clay  – Kaolinite calcined clay

Dehydroxylation of kaolinite
AS2H2 à AS2 + 2H

22

% of calcined kaolinite in the calcined clay

0% 50.3%17.0% 35.0% 38.9% 66.2% 79.4% 95%

Quartz Pure kaolinite

46 calcined kaolinitic clays + Quartz system

Effect of the calcination temperature

23

925°C800°C600°C

Higher temps, some sintering, 
decrease of specific surface, 

decrease of reactivity

Small clay plates may 
agglomerate

K. Scrivener

Contents

» What is LC3?
» Mechanical properties and hydration of LC3

» Assessment of calcined clay reactivity
» Phase assemblage of LC3

» Durability
» Conclusion

24
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Strength development

Clinker Calcined clay Limestone Gypsum
PC 95 0 0 5

LC3-50 50 30 15 5

25

» Influence of the grade of calcined clays on the mechanical 
properties Benchmark test of clay strength

» Strengths measured at 1, 3, 7, 28 and 90 days

Calcined kaolinite content overwhelming parameter

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

» At 28 and 90 days, little additional benefit >50%
» Minor impacts of fineness, specific surface and 

secondary phases

26

» Influence of the grade of calcined clays on the mechanical 
properties Benchmark test of clay strength

» Strengths measured at 1, 3, 7, 28 and 90 days

PC strength

LC3-65 vs LC3-50

27

Ø The main difference observed between LC3-50 and LC3-65 formulations, for a given grade of clay, is the 
strength at 1 d

Ø From 2 d onwards, the differences in compressive strength between LC3-50 and LC3-65 systems disappear at 
ages related to the MK content of the binder

LC3-50
Best durability performance / Up to 30% CO2 savings compared to OPC

Not included in current EN 197 standard

LC3-65
Increased durability compared to OPC 

Currently allowed as CEM II/B-Q-L in EN 197 standard
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Reaction kinetics of LC3 – Isothermal calorimetry
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Silicate (first) peak inversely proportional to 
MK content, as more limestone is added 

providing nucleation sites

Increased aluminate (second) peak due to the 
inclusion high surface area additions (calcined clay 

and limestone)

Third peak linked to the formation of carboaluminates
(hemicarboaluminate and monocarboaluminate) from the reaction of calcined 

clay and limestone

How can we relate these peaks with the 
phase assemblage of the material?
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Why we have to adjust the sulfate content in LC3?
The issue : Some LC3 systems require further adjustment of the sulfate content
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LC3-50 C.Clay 0% Add. Gypsum 
LC3-50 C.Clay 2% Add. Gypsum 
LC3-50 C.Clay 3% Add. Gypsum Undersulfated system (aluminate peak first, silicate peak second)

Properly sulfated system (silicate peak first, aluminate peak second)

i. Aluminate reaction takes place first, consuming the sulfate ions available 
ii. Lower and broader silicate peak is observed in this case

i. Acceleration period of C3S happens first
ii. Ettringite formation takes place afterwards with the sulfate desorbed from 

C-S-H
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Early age (<48 h) phase assemblage in OPC
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Dissolution of C3S

Precipitation of C-S-H

Second (aluminate) peak
Fast dissolution of C3A

Precipitation (2nd) of ettringite

Second peak onset
Linked to depletion of gypsum

Acceleration period
Fast C3S dissolution

Paste sample in ring holder, covered 
with  Kapton film
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Sulfate adjustment
What is triggering the acceleration and enhancement of the aluminate peak in LC3?
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13.53 m2/g - 3% Add. Gyp 
LC3-50 C.Clay 50% metakaolin

62.61 m2/g - 3% Add. Gyp  

1.- Calcined clay (additional aluminate phases)

2.- Specific surface area of calcined clay (and 
limestone)

Contribution of SCMs through filler effect

But the LC3 with lower metakaolin content 
exhibits higher acceleration and 
enhancement

50% metakaolin, high SSA

95% metakaolin, low SSA

32

Sulfate adjustment
What is triggering the acceleration and enhancement of the aluminate peak in LC3?

1.- Calcined clay (additional aluminate phases)

2.- Specific surface area of calcined clay (and 
limestone)

Contribution of SCMs through filler effect

However, the example presented seems to 
challenge this hypothesis….

What if we remove the aluminum contribution of calcined clay but not the surface area?
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OPC + fLS - SSA LC3

OPC + limestone with high SSA 
(similar to calcined clay)

But how filler effect is linked to gypsum depletion?
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The interaction of sulfate with C-S-H
• C-S-H is the main reaction product of the hydration of cement 

• It is well know that it can adsorb/incorporate different ions on its surface/structure (Al, Na, K, Cl, S)

Quennoz, PhD Thesis, 2011 Berodier, PhD Thesis, 2015

Sulfate adsorbed on C-S-H will be desorbed at gypsum depletion 34

Hydration of LC3 : role of SSA on the aluminate reaction

Time
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1. Sulfate gets adsorbed in the C-S-H surface. If the rate of C-S-H precipitation is increased, sulfate adsorption also increase 
i. Finer material hydrate quicker, consuming more sulfate per unit time
ii. The addition of more nucleation surface (fillers) affect the C-S-H precipitation rate and therefore the sulfate balance, but the

effect is independent of the chemical composition of the filler (in particular, of the Al content)

Acceleration period

2. As hydration keeps ongoing, gypsum is depleted, triggering the desorption of sulfate from C-S-H which then 
reacts with aluminates to form ettringite (second ettringite formation)

i. The extent and rate of the reaction is a function of how much sulfate gets desorbed from C-S-H (and maybe 
the space filled already at this time)
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Monitoring reactivity: R3 test

36

www.lc3.ch'

»  All$laboratories$are$not$equipped$with$an$isothermal$
calorimeter$ $$$$$$$$$$$$Simpler$technique$

»  Slightly$longer$experimental$:me$

»  From$7$days$onwards,$LC3A50$blends$containing$≥$40%$
of$calcined$kaolinite$$show$similar$strengths$to$PC$ $$

$ $$Feasibility$criterion$$
»  Linear$increase$of$strengths$with$the$calcined$kaolinite$
content$of$calcined$clays$

$$$$$$$$$$$$Calcined$kaolinite$content$overwhelming$$ $$$$$
$ $$parameter$controlling$strength$development$

Materials'

DEVELOPMENT$OF$A$NEW$RAPID,$RELEVANT$AND$RELIABLE$(R3)$TEST$
TO$EVALUATE$THE$REACTIVITY$OF$KAOLINITIC$CALCINED$CLAYS$

To$ reduce$ the$ cost$ and$ the$ecological$ impact$of$ cement$produc:on,$ the$most$promising$approach$ is$ the$use$of$ Supplementary$Cemen::ous$Materials$
(SCMs)$ to$par:ally$ subs:tute$ cement.$Among$ these$SCMs,$ kaolini:c$ calcined$ clays$ show$high$ reac:vity$ and$are$widely$ available,$ especially$ in$ countries$
where$cement$demand$strongly$grows.$Combined$with$ limestone,$calcined$clays$can$replace$50%$of$clinker$ in$Limestone$Calcined$Clay$Cement$ (LC3A50).$
However,$the$factors$controlling$the$reac:vity$of$calcined$clays$are$not$well$understood.$The$tradi:onal$method$of$assessing$the$reac:vity$of$calcined$clays$
is$to$measure$28Ad$strength$of$LC3A50$mortars.$However,$this$is$a$:meAconsuming$method$for$the$large$number$of$available$calcined$clays$worldwide.$
$
Goal:$Development$of$a$new$Rapid,$Relevant$and$Reliable$(R3)$pozzolanic$tes:ng$method$to$evaluate$the$reac:vity$of$kaolini:c$calcined$clays$

References'

Development'of'a'new'Rapid,'Relevant'and'Reliable'(R3)'pozzolanic'test'

Strength'of'PC'vs'LC3C50'mortars'

Conclusions'

FRANÇOIS'AVET,'RUBEN'SNELLINGS,'KAREN'SCRIVENER'

Antoni$M.$et$al.$(2013)$Cement$subs:tu:on$by$a$combina:on$of$metakaolin$and$
limestone.$CCR$42.$
$

»  Global(increase(of(the(heat(released(with(the(grade(of(calcined(clays(
»  Similar(results(for(systems(with(and(without(limestone(
»  Values(at(1d(selected(and(correlated(with(rela:ve(strength(results(

1d 1d 

13(

R3(test(using(isothermal(calorimetry(at(40°C(

Without limestone With limestone 

H2O$+Alkali$+$Sulfate$

50 

95 

5 5 

15 

30 

Isothermal$
calorimetry$at$40°C$$

Heat$release$

Raw$kaolini:c$
clay$

Calcined$kaolini:c$
clay$

Calcina:on$
800°C$$
1$h$

Calcined$
clay$

Calcined$
kaolinite$

content$(%)$
1$ 95$
2$ 79.4$
3$ 66.2$
4$ 50.8$
5$ 38.9$
6$ 35.0$
7$ 17.0$

Quartz$ 0$

PC strengths 

Feasibility'of'using'lowCgrade'calcined'clays'

Oven$(400°C)$$$$$$$$$$
Bound$water$$

4 mm slices cut  
stored at 110°C 

Mass 
Stabilization 

<0.5% in 24 h 

Slices stored  
at 400°C for 2 h 

Bound water 
evaporation 

»  1Aday$heat$values$chosen$for$correla:on$with$LC3A50$
strengths$(slow$down$of$reac:on)$

'
'

»  7$calcined$clays$from$
different$countries$used$

$
» Quartz$was$used$to$simulate$
a$0%$calcined$kaolini:c$clay$

»  Very$good$correla:ons$between$strengths$and$heat$
values$aher$only$1$day$of$tes:ng$

»  Acceptable$correla:ons$
» No$specific$equipment$required$except$an$oven$

Relevance'of'the'R3'test:'CorrelaUon'with'LC3C50'mortar'strengths'

Method' Experiment'Ume' Accuracy' Advantages' Drawbacks'

Heat$released$(calorimetry$40°C)$ 24$h$ +++$ R3$ Isothermal$calorimeter$
required$

Bound$water$(oven$400°C)$ 24$h$+$hea:ng$step$
=$3$d$$ ++(+)$ R3$

Just$an$oven$
Slightly$more$:meA

consuming$

Paste'composiUon:'
Ca(OH)2$$+$$Calcined$Clay$+$Limestone$$

w
t. 

%
 

H2O 
+Alkali 

+Sulfate

Isothermal 
calorimetry at 40°C 

Heat release 24h

Oven thermal
treatment at 400°C 
Bound water 3 days

Portlandite
Calcined clay

Limestone

» Rapid, Relevant and Reliable (R3)

» Other screening tests already existing, but difficult to correlate 
results with compressive strength

» Focus on pozzolanic / synergetic reaction only: 
» Adjustment of sulfate and alkali content to reproduce the 

reaction environment of hydrating blended cements

Two ways of measuring the reactivity
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Linear correlations between strengths and heat at 1d

» Results after 24 h Rapid test
» Linear trends obtained for all ages Relevant

test
» Small standard deviations for the heat release

Reliable test

LC3-50Isothermal 
calorimetry at 40°C 

Heat release 24h

Oven method: thermal treatment at 400°C for 2 hours

slices cut 
stored at 110°C

Bound water
evaporation

» Requires an oven only!

Mass
Stabilization
ASTM C642

<0.5% in 24 hours

Slices stored 
at 400°C for 2 hours

» Very good correlation with strength results

38

Contents

» What is LC3?
» Mechanical properties and hydration of LC3

» Assessment of calcined clay reactivity
» Phase assemblage of LC3

» Durability
» Conclusion
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Understanding of strength development

AS2 + 3CH + 6H C-A-S-H + C2ASH8

Calcined clay (metakaolin) – pozzolanic reaction

Limestone reaction with clinker aluminates 

C3A + Cc + 11H C4AcH11

C3A + 0.5Cc + 0.5CH + 11.5H C4Ac0.5H12

Limestone reaction with aluminates from calcined clay 

AS2 + 0.5Cc + 3.5CH + 8.5H C4Ac0.5H12Synergetic effect in LC3

metakaolin strätlingite

limestone

limestone

monocarboaluminate

hemicarboaluminate

metakaolin hemicarboaluminate

Antoni et al., 2012

Matschei et al., 2007
Chowaniec, 2012
Bentz et al., 2016

Fernandez et al., 2011
Antoni et al., 2012
Tironi et al., 2014
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Clinker hydration degree
» Higher DoH for LC3-50 blends due to the filler effect of calcined clay and limestone
» DoH constant for LC3-50 (95.0%) from 3 days onwards: significant slowing down of clinker hydration
» Clinker hydration continues for LC3-50 containing less than 65% of calcined kaolinite

41

Chapter 3 - Determination of the amount of reacted metakaolin in calcined clay blends 

41 

 
The determination of the reacted metakaolin is shown in Figure 3.5 for the same system. Portlandite 
gets consumed as the amount of reacted metakaolin increases. The amount of reacted metakaolin is 
estimated from the actual portlandite content from experimental XRD-Rietveld data (horizontal 
line). The grey and blue solid lines show the portlandite as a function of reacted metakaolin from 
mass balance and thermodynamic modelling, respectively. The dashed lines represent the experi-
mental error of portlandite quantification by XRD-Rietveld analysis. This gives the errors on the 
determination of the amount of reacted metakaolin. 
 

 
Figure 3.5. Determination of the degree of reaction of metakaolin for mass balance and thermody-

namic modelling example for LC3-50 (94.2%) at 28 days of hydration 
 
Mass balance and thermodynamic modelling were applied to the different LC3-50 systems, and the 
results obtained at 1, 3, 7, 28 and 90 days of hydration are shown in Figure 3.6 (a) and (b), respec-
tively. It shows that at 1 and 3 days, the amount of reacted metakaolin is globally similar for all 
systems except for the LC3-50 (15.0%) which is lower. From 7 days onwards, the amount of reacted 
metakaolin globally increases with the metakaolin content by mass balance. However, the ampli-
tude of the increase decreases with the metakaolin content. The amount of reacted metakaolin by 
thermodynamic modelling is quite similar for calcined clays containing more than 50% of me-
takaolin.  
 
The results obtained until 7 days are very similar between both methods. At 28 and 90 days, ther-
modynamic modelling predicts a slightly lower amount of reacted metakaolin. This difference could 
be explained by the C-S-H model used in this method. The Ca/Si ratio of C-S-H model is 1.63 
(C1.63SH2.9), whereas the measured Ca/Si ratios by SEM-EDX are lower (1.49 to 1.58). Thus, more 
calcium is used in thermodynamic modelling for the formation of C-S-H. As a consequence, the 
amount of portlandite left is lower, leading to a slight decrease of the amount of reacted metakaolin.  
 

Methods for determining the amount of reacted metakaolin
» Mass balance

» Redistribution of the reacted 
anhydrous phases between the 
hydrated phases known to form

42

» Thermodynamic modeling

» Same inputs as mass balance
» Reacted metakaolin determined 

from the best agreement with 
experimental data

» PONKCS
» Based on XRD-Rietveld method
» Quantification of amorphous 

metakaolin phase
» Complexity to fit the background 

of amorphous humpsAS2

free variable 

Methods for determining the amount of reacted metakaolin
» Mass balance as most reliable method
» Increase of the amount of reacted metakaolin with the calcined kaolinite content
» This increase becomes lower with the increase of the calcined kaolinite content

43

How do these reactions fill the space?
» Porosity characterization by MIP: Significant refinement of porosity already at 3 days of hydration

44

» Porosity already well defined at 3 days for high-grade calcined clays
» Kinetics difference depending on the grade of calcined clays

LC3-50 (95%) 3d
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Limit of porosity refinement
» Different kinetics of refinement of porosity

» Porosity already well defined at 3 days for 
high-grade calcined clays

» Slower refinement for blends with lower 
kaolinite content

» Limit critical pore entry radius reached for 
blends with calcined kaolinite content 
≥40%

45

Consequence of the lack of large capillary pores
» Carboaluminate formation is limited

» Al concentration in the pore solution goes up
» Al incorporation in C-A-S-H increases

46

28 days
Al conc.

Hc+Mc

Al/Ca

C-A-S-H 
morphology 

» Fibrillar morphology 
of C-A-S-H observed 
for all samples

» No change of 
morphology with the 
calcined kaolinite 
content

47

www.lc3.ch'
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Materials'

MORPHOLOGY)AND)COMPOSITION)OF)C2A2S2H)IN)LIMESTONE)
CALCINED)CLAY)CEMENT)(LC3))

Limestone) Calcined) Clay) Cements) (LC3)) containing) kaoliniEc) clays) are) a) promising) approach) to) reduce) the) clinker) content) of) cement,) and) therefore) to)
reduce)the)CO2)emissions)associated)to)cement)producEon.)Most)of)past)studies)dealt)with)highly2kaoliniEc)clays,)which)are)too)expensive)for)massive)use)
in)cement.)Recent)results)show)that)good)performance)was)also)obtained)for)LC3)using)clays)with)lower)kaolinite)content,)which)are)widely)available)[1].)In)
order)to)understand)these)strength)results,)a)phase)assemblage)study)was)carried)out.))
)
Goal:)InvesEgaEon)of)the)kaolinite)content)on)the)morphology)and)the)composiEon)of)C2A2S2H.)The)C2A2S2H)composiEon)was)obtained)by)both)Scanning)
Transmission)Electron)Microscopy)(STEM))and)Scanning)Electron)Microscopy)(SEM))using)Energy)Dispersive)X2Ray)Spectroscopy)(EDX).)The)morphology)was)
observed)using)STEM)(BF)detector).))

References'

C:A:S:H'composi>on'and'morphology'

Prepara>on'and'microscope'parameters'

Conclusions'

François'Avet,'Emmanuelle'Boehm:Courjault,'Karen'Scrivener'
Laboratory)of)construcEon)materials,)EPFL,)1015)Lausanne,)Switzerland)

(1))Antoni)M.)et)al.)(2013))Cement)subsEtuEon)by)a)
combinaEon)of)metakaolin)and)limestone.)Cement)and)
Concrete)Research)42.)
(2))Rossen)J.)et)al.)(2017).)OpEmizaEon)of)SEM2EDS)to)
determine)the)C–A–S–H)composiEon)in)matured)cement)
paste)samples.)Materials)characterizaEon)123.)
)
)

Raw)kaoliniEc)
clay)

Calcined)kaoliniEc)
clay)

CalcinaEon)
800°C)1)h)

Calcined)
clay)

Calcined)
kaolinite)

content)(%))

1) 95.0)

2) 50.3)

3) 17.0)

'
'

»  3)calcined)clays)from)
different)countries)used)

)

»  SEM:)impregnated)secEons)polished)using)sprays)of)
diamond)parEcles)of)9,)3)and)1)µm)

»  TEM:)polishing)using)diamond)lapping)films)unEl)opEcal)
translucency.)Last)step)of)polishing)is)done)by)ion)
milling)using)Precision)Ion)Polishing)System)(PIPS))unEl)
electron)transparency)(thickness)of)about)1002150)nm))

LC3250)(17.0%))

»  LC3250)systems)with)a)
clinker)content)
reduced)to)50%)

»  2:1)calcined)clay)to)
limestone)raEo)

LC3250)(95.0%))

10 µm 

SEM)–)EDX) STEM)–)EDX)/)BF)

AcceleraEon)
Voltage)

15.0)kV) 80.0)kV)

MagnificaEon) 5’000)x) 56’000)x)

Fringes)of)equal)thickness)by)
opEcal)microscopy)

Thin)enough)for)electron)
transparency)by)TEM)

»  SEM2EDX:)the)method)of)Rossen)was)used)for)the)
determinaEon)of)the)C2A2S2H)composiEon)[2]))

»  Higher)Si/Ca)and)Al/Ca)raEos)measured)for)LC3250)blends)
compared)with)plain)PC)

»  The)Al/Ca)raEo)increases)with)the)calcined)kaolinite)content)
of)calcined)clays)

»  Good)agreement)found)between)SEM2EDX)and)STEM2EDX,)
considering)the)errors)of)these)two)techniques)

» Morphology)in)BF)mode:)It)appears)that)the)morphology)of)
C2A2S2H)remains)fibrillar)independent)of)the)calcined)
kaolinite)content)of)calcined)clay)

»  There)is)no)evidence)of)any)morphology)change)with)the)
calcined)kaolinite)content)

»  In)this)study,)a)clear)change)of)C2A2S2H)composiEon)was)observed)for)LC3250))
»  Compared)with)PC,)significant)increase)of)Al/Ca)and)Si/Ca)atomic)raEos)were)
observed.)The)Al/Ca)raEo)increases)with)the)calcined)kaolinite)content)whereas)
the)Si/Ca)raEo)is)quite)constant)for)all)blends,)but)increases)with)Eme)

»  Concerning)the)morphology)of)C2A2S2H,)fibrillar)morphology)was)observed)even)
using)high2grade)calcined)clay))

LC3250)(50.3%))

PC)

AFt)

C2A2S2H)

C2A2S2H)

C2A2S2H)

C2A2S2H)

MK)
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Chloride resistance (ponding in 3 %wt. NaCl solution)
» Excellent results obtained for LC3-50 blends both on paste and mortar

49

Mortar (titration) Paste (µXRF)

Chloride adsorption on C-A-S-H
» Chloride adsorption observed on all samples, including PC
» Chloride adsorption main contributor to chloride binding for PC, Friedel’s salt for LC3-50 blends
» Good correlation between the total bound chloride measured by isotherm and by the sum of Cl in FS and C-A-S-H

50

51

Alkali Silica Reaction (ASR)
» ASR (JOBE aggregate and soaked in 0.32 M of NaOH at 38°C) 

Limit of expansion

• The expansion of LC3-65(2:1) mortars are lower than 0.04% (expansion limit) after exposure more than 1 year

• The higher presence of Al inhibits the silica dissolution from the reactive aggregate resulted in the lower ASR gel to form

Contents

» What is LC3?
» Mechanical properties and hydration of LC3

» Assessment of calcined clay reactivity
» Phase assemblage of LC3

» Durability
» Conclusion

52
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Conclusions
q LC3 is a promising alternative to reduce the carbon footprint associated with cement production

o Widespread availability of raw materials
o Possibility to use a variety of clays with different qualities
o Mechanical behavior comparable with OPC
o Refined pore structure and enhanced durability as compared to OPC

q Different methods to characterize LC3 have been developed in order to facilitate adoption

o R3 test to assess the reactivity of calcined clays 
o Isothermal calorimetry approach for sulfate adjustment 
o XRD diffraction and thermodynamic modelling showing that the expected phase assemblage is 

comparable to OPC
o No morphological differences between the hydration products of LC3 and OPC are observed

54

Conclusions
q LC3 can be used with the same tools, technologies and techniques as conventional OPC concrete

o No special training required of the workforce, can be used even in very rough conditions
o No investment in new machinery at the construction site required
o No additional safety hazards as compared to normal OPC concrete 

Upscale
» Cuba

» Industrial trials 
» Rotary kiln calcination

» Various applications
» Houses made of LC3

» Special interest for 
chloride performance

55

Cuba Industrial trial
Jan 2013: Clay sourcing
Pontezuela (300 t)

March 2013: Clay calcination
Siguaney (110 t

August 2013: Cement 
grinding (130 t)

Sept-Dec. 2013: Cement use in 
construction

Jan-July 2014: Evaluation of 
concrete made with LC3

Upscale
» India 

» 2nd cement market 
» Keeps growing significantly

» Bricks
» Tiles
» Pavements
» Full house
» Etc…

56
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Fly ash: significant volumes with low performance 

Figures from ~2000 

Shortage of SCMs compared to clinker 

Suitable clays presently stockpiled as waste

Cuba Industrial trial
Jan 2013: Clay sourcing
Pontezuela (300 t)

March 2013: Clay calcination
Siguaney (110 t

August 2013: Cement 
grinding (130 t)

Sept-Dec. 2013: Cement use in 
construction

Jan-July 2014: Evaluation of 
concrete made with LC3
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Ra*onale'

LOW#CARBON#LIMESTONE#CALCINED#CLAY#CEMENT#(LC3)#

Ordinary#Portland#Cement#(OPC)#is#the#most#used#man#made#material.#The#requirement#

for#cement#increases#each#year#due#to#growth#in#urbanizaVon#and#increase#

infrastructure#development.##Cement#clinker#is#responsible#for#5#-#10%#of#global#CO
2
#

emissions.###

EPFL#has#developed#a#new#cement#called#LC3#(Limestone#Calcined#Clay#Cement).#LC3#in#

lab#and#industrial#trials#has#similar#characterisVcs#to#OPC.###

As#well#as#being#possible#to#produce#industrially#on#a#large#scale,#it#can#be#made#in#small#

scale#arVsan#kilns#which#has#huge#potenVal#for#grass#root#construcVon#material#

producVon.#

LC3#can#meet#the#cement#market#needs#of#many#developing#countries#in#Asia,#Africa#and#

LaVn#America#where#there#are#abundant#reserves#of#the#required#low#grade#kaolin#clay.#

What'is'LC3'

FRANÇOIS'AVET,'ROB'FIELDING,'KAREN'SCRIVENER'

Industrial'trials'

Low#Cost#

#LC3#reduces#clinker#content,#

reduces#fuel#consumpVon#for#

calcinaVon,#and#uses#low#cost#clays#

#

Low#Capital#

LC3#can#be#made#in#exisVng#plants#

with#low#capital#investment#

Low#Carbon#

#LC3#reduces#CO
2
#emissions#per#

tonne#of#cement#by#up#to#30%#

High#Performance#

#LC3#has#higher#strength#and#

comparabale#workability#with#OPC#for#

clays#with#kaolinite#content#≥#40%#
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India#

China#

OECD#–#other#industrial#naVons#

Other#developing#

#countries#

»  Suitable#clays#presently#stockpiled#as#waste#

»  Growing#demand#for#cement#parVcularly#

in#emerging#economies#

» No#magic#soluVons#to#reduce#CO
2
#emissions##

»  Improvements#in#cement#have#so#far#focused#on#SCMs#

(Supplementary#CemenVVous#Materials)#

»  But#the#supply#of#common#SCMs#is#limited##

»  Except#calcined#clays#and#limestone#which#are#

widely#available##

»  The#novelty#of#LC3#is#to#exploit#the#synergy#
between#two#already#known#chemical#systems,#

which#are#clinker#–#limestone#and#clinker#–#

calcined#clay#

»  KaoliniVc#clays#are#calcined#
at#700°C#–#800°C#to#

become#reacVve#as#a#SCM.#

This#calcinaVon#does#not#

produce#any#chemical#CO
2
,#

unlike#OPC#producVon#

»  LC3-50#shows#excellent#strength#properVes#
»  Equivalent#strength#to#OPC#is#obtained#with#clays#with#
kaolinite#content#≥#40%#from#7#days#onwards#
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0#

10#

20#

30#

40#

50#

60#

70#

1#day# 3#days# 7#days# 28#days#

C
o
m
p
re
s
s
iv
e
#s
tr
e
n
g
th
#(
M
P
a
)#

OPC#

LC3-50#(20%)#

LC3-50#(35%)#

LC3-50#(51%)#

LC3-50#(80%)#

LC3-50#(95%)#

»  Cuba#2013#
»  CalcinaVon#in#rotary#kiln#

»  India#2014#
#

»  DemonstraVon#

house#made#of#LC3#

»  Pavements#

»  Blocks#
»  Bricks#
»  Tiles#

»  Beder#properVes#
than#OPC#obtained#

#

»  Laboratory#work#

» One#of#the#main#durability#issue#in#cement#and#

concrete#is#the#chloride#ingress#

»  To#measure#it,#ponding#test#aeer#2#years#is#run#

»  LC3-50#shows#much#beder#resistance#to#chloride#

than#OPC#

»  Encouraging#results#on#carbonaVon#and#other#
durability#issues#are#obtained#

»  Ongoing#study#on#field#
»  Exposure#site#in#Cuba#
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Durability'of'LC3'

»  LC3–65#can#be#
produced#under#

current#

European#

standards.#

»  LC3–50#has#even#
lower#CO

2
#

emissions#and#

also#gives#good#

performance#



01/12/2021

15

www.LC3.ch

Acknowledgements

Dr. François Avet, Dr. Julien Ston, Dr. Wilasinee Hanpongpun, Dr. Fabien Georget
Dr. William Wilson, Dr. Xuerun Li and many more….

For expanding our knowledge on LC3 and making this technology a reality

57

www.LC3.ch

58

Questions? 

LC3 PROJECT

Franco Zunino
PhD Student
+41 21 69 32827
franco.zunino@epfl.ch

EPFL STI IMX LMC MXG 235
Station 12, Swiss Federal 
Institute of Technology 
Lausanne, 1015 Lausanne, 
Switzerland


