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Collaboration with Prof. Karen Scrivener and LC3 Project

| 2005-2008 | 2009-2012 | 2013-2020 '
' SDC-SNSF Project ' SDC-SNSF Project ' SDC-Climate Change '

Calcined clays for | Ternary blend cement ' Low Carbon Cement '
: pozzolans ' calcined clay-limestone ' '
1 | 1 I
| | | |
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The pursuit of sustainable alternatives to replace Clinker with
Supplementary cementitious Materials
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Confédération suisse TA RA
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Production of LC3

Rotary Kiln
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Calcined kaolinite content is the overwhelming parameter for
reactivity
1o »  Similar strength to PC for blends containing 40% of
g 15 calcined kaolinite from 7d onwards
H . . .
K [E Gypsum » At 28 and 90 days, little additional benefit >50%
S 50 na [ ]Limestone
3 [ Calcined clay
g [ Clinker )
82 < 8074 0o days LC*-50 5
7 v 28days R*=0.88
0 — 0114 7 days R?=0.88
PC LC3-50 & &6 3 days
= 1 day )
»  Stillsome deviationsare observed, especially for clays £ R=0.84
between 30 and 60% of calcined kaolinite 8
»  What could be thereasons for such deviations? § ) R=062
Fineness g “ \ PC strength
*  Specificsurface £l o i ms
o e R T = R=0.49
*  Amorphouscontent 104 g B W e =
* lIroncontent 0 T T T T )
0 20 40 60 80 100
Calcined kaolinite content (%) B
Francois Avet !
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Criteria for screening clays
Theoretical criteria Empirical criteria
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Thermal activation

® The calcination A

window for kaolinite is | keotinte s
theoretically between %
500 and 650 °C - .

H Deh;drauon

® But normally === Dehydroxylation
calcination should take Y Recrystalisation
place at slightly higher 4 200 1000

temperatures

¢ Optimal range is
700-800°C
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Importance of correct firing window

Safe zone Danger zone

¢ Agglomeration occurs at 30 4
higher temperatures 251 wo---
¢ Specific surface ~
. - 20 A
decreases (reactivity) T
¢ Above 950 °C T 15
re-crystallization occurs 3 4 |
%
s 5
I
© Ref. 100 P
Temperature (°C)
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Calcination of clays

100 —K3 raw. Q
S ——K3 calcined
95
® 9 E
é 8 é LK ?
= 80 ; e WY U W,
K1 a K
L) .= g
70 — K4 R K
65

0 100 200 300 400 500 600 700 800 900 1000 50 7.5 100 12.515-0 17.5 20-0 22.5 25-0 27.5 300 32.5 350 37.5 40-0 42.5 45-0
Temperature: °C Angle 26 © 10
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Calcination

_burning

=

Firing temperature
850-900 oC

WHZO

Residence time in burning Drying oC
zone around 20-25 min "'

1400

5 1200

’2; 1000

s 800

g 600

400

200
Clay
Calcined NN

clay

min 1
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Fe phase assemblage during calcination & cooling

A
850 850 w
Firing temp
ﬁ range
650 650
Decomposition of F
hydroxides (@] (@)
ol (=]}
[J] (O]
— —
> 3
brerrbrrrebrrr bbb bbbk o
© ©
0 100 200 300 400 500 600 700 800 900 1000 CILJ GLJ
Temperature (°C) o o
- € €
In the firing chamber due to @ k)
combustion and the high . 300 5 3 g 300
temperature (T= 6002C) formation = © % 5 =
. . T B T =
of magnetite prevails S < £ z=
© = 3 = 9
. R S 9@ s 8
However, during cooling, if the E= s =
material reaches 6002Cand below 0 = = 0
ina Og rich enwronmept, Inthe presence  Inthe absence Inthe presence  Inthe absence
hematite can form again of 02 of 02 of 02 of 02
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Results of implementing color control, India

Calcined Clay
with Color Control

IPIAC

Color control inindustrial clay calcination; Fernando Martirena et al. RILEM
Technical Letters (2020) 5:1-7
DOI:http://dx.doi.org/10.21809/rilemtechlett.2020.107

13
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Comen! www.LC3.ch Calcined
Clay
Low carbon cement LC3 Cement
80
100 g7
Z 60+
=
2504
73 7 I rC
I Gypsum 2407 [ PPC30 (95%)
50 Cl Limestone § 30 I 1.C-50 (95%)
(=9
B Calcined clay £ 20
25 [ Clinker “ o]
Iday 3days 7days 28 days 90 days
PC PPC30 LC3-50 -
Similar strength to Portland cement
50% Clinker
. . 35%+ reduction CO2
slide prof. Karen Scrivener High resistanceto chlorides
Lower production cost
14
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The chemistry of LC3

ALMUNIO CARBONATE REACTION

15

15
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Hydration of Cement

~

»C3S +5.3H > C, ,SH, + 1.3CH 6

»C,S +4.3H - C,,SH,+ 0.3CH 5

» C-S-H is the main “glue” in gd-
E3

cementitious systems

N

-

Rate of heat evolution (mW/g of anhydrous

» Pozzolanic reaction
CH+ AS,+H > C-A-S-H + C-A-H

(=1

Time (Hours)

» Presence of calcite modifies the pozzolanic reaction
CH+AS,+CC +H > C-A-S-H+ C,ACH,; + C,ACysHy,
(Krishnan 2019)
16
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Eftringite (/100g anfydrous cement)

10 12 14 16 18 20
Angle 26°

<@ LEIBHQL)  —A- LCIE6(KQ)  =-m==[C355

CH content (g / 100 g binder)

Phase Assemblage — AFt/AFm & CH

=——LC3-56 —LC3-55(Q:L) —LC3-55(K:Q)

—Portiandite + Calsite
—Portiandite + Calcined Clay

— Portiandite + Calsite + Calsined Clay

Hy

HHe

12 14
Angle 26

0 T 1

17

10
Sample age (days)
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Phase assemblage

140

60

Phase mass (g / 100 g binder)

40

T " T " I 1
20 25

MK content in LC3-50 T
100% DoR of MK

T T T T T T
30 40 50 60 70 80

MK content in LC*-50 | T
75% DoR of MK

T T T T T T 1
40 50 60 70 80 90 100

MK content in LC-50 [ T
50% DoR of MK 2

MK content in LC*-50 [ T

35% DoR of MK 0 20

(Zunino 2020) 18

18

(Krishnan 2019, Zunino 2020)
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Alkalis and sulphates
6 6
a) s LO355(0.25) b) LC3-55 (0.25)
5 5
e e
= =
E4 E4
c c
9 <}
53 €3
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g s
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a o
£ 2
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Pore-structure development
40 4
& :%:::y; 35 !l) :ts::ﬁ |!-um_km..mn‘nrnmnm-ma.,m..,-.u microns il 10 microns.
—— OPC-14 days s . OPC | FA30 Lca
=y —— OPC-28 days FIE
: ¢
32 2 %
s g
g 20 E 20
% 15 % 15
g 10 g 10
g, z
0 0
0.00 0.01 010 1.00 10.00 0.00 Q;n 0.10 1.00 10.00 o Ty tadam 3 day 3 e 7-"“:-" TR dayn Ty Wy 3Eda
Pore entry diameter (um) Pore entry diameter (um)
(Dhandapaniand Santhanam 2017)
21
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Workability: water demand
m Water and admixture
demand can be 10% to
50% higher than OPC
and PPC
m PCE based admixtures
work well
m Good cohesion in
concrete
Well-suited for SCC
22

22
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WRA: pumpable concrete
= 0 Min.
e 1 Hour
s A 2 Hours
200 - 5 - v 3 Hours
- -
L} - - F
150 ) [ °
= : .
35% FLY | 10% 20% 30% 40% E " o | e
ASH Lc2? Lc? Lc? LC? é' 100 I N
Admixture 0.5% 052% 09% 1.1% 12% 13% 2 . "
dosage 50 .
v v A °
A
0 o v . *
ME*)O MLS M‘GO M130 M'45 M'60 Mao M'45 M‘GO '
opPc LC2-30 LC2-45
Grades of concrete
Harsh Vardhan et al. 2020, Nair et al. 2020 23
23
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Self compacting concrete: cohesion
50% FA: 1.5% WRA 50% LC?%: 1.2% WRA
Harsh Vardhan et al. 2020 24
24
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Concrete strength: LC3 vs. others

70
6 ] EOPC mOP-F mOPS [LC3-55(2:1)(CC:LS)
50
a0 |
30 |

20

Compressive Strength (MPa)

10

1 Day 3 Day 7 Day 28 Day 56 Day 90 Days

Indian materials and test conditions Krishnan unpublished 25
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Low CO, binders: reduced buffer

Wet curing time

Clinker hydration + other
phases Ca0 é Ca(OH)z hydrates 1day 3days 28days
containing SRS ' :
PC
Uco P
0.1\ g PPC30
Into atmosphere Gradual reabsorption :
immediately over >100 years
LC3-50
Caco,
limestone Francois Avet, 2016

Slide Prof. Karen Scrivener

26
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Chloride ingress & migration

1 10

0.9 —a—OPC z 9

£ os —+-Clay o 8
g 0.7 —+—Clay+L$ :3

= 06 5 6
§ - 4 - Slag &

£ 03 g s
3 —a—Slag+LS !

2 04 24
kS -e-FA =

= 03 s 3
Q -

3 02 —e—TFA+LS E

o s
S o1 &

< 1

0
0 10 20 30 40 50 0
Depth (mm) Clay Clay+LS ) Slag  SlagtLS  FA FA+LS
Cl profiles for different binders Apparent diffusion coeffs.

27
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Chlorides: RCPT (ASTM C1202)

}

LC!—H
FA3O - E} * There is a marked

improvement in the chloride

Red- 28 days Blue- 90 days

[VeryTow ]

o
0
(1]
1

g L‘“‘E """"""""""""""""""""""""""" resistance at an early age
£ taso I irrespective of the differ_ent
% onc I grades of concrete, unlike
§ ................................................... fly ash based PPC system
e which requires additional

FA30 - »-E E—( curing at hlgher water-

M30 binder ratios.

OPC

H

T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Charge passed (Coulombs)

28
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Surface resistivity I%

[]90days
[ 56 days
I 28 days

[ow ]

LC3

FA30

OFC

LC3

FA30

OPC

Concrete mix details

LC3

FA30

OPC

E I I I I I I I |
0 50 100 150 200 250 300 350 400 450 500
Surface resistivity (Kohm.cm)

Resistivity of LC3 concretes was an order of magnitude higher than OPC (and also
significantly higher than PPC) which suggests better resistance to corrosion

propagation. 29
29
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Chloride induced corrosion
~ O e o 0 D
8 -100f | Q -100
tm 200k~ /\\L -277 mv | 5«3 -200 -277 mv
W 300/% w> -3007
> 2 .400¢
-400 m
S -500—— , 3 ‘sgg ‘ LC3]
-60 _ | h
—~ -50 |ﬁ| ~ -50 X
< -40E < -0
~ .30 \'; -30
§ 200 _ § -20
0 : ~ 10 : N 10
%' AN 300 Setlatl 00 100 200 300 400500 %0 100 200 300 400 500
Exposure time (days) Exposure time (days) Exposure time (days)
Thesis PhD Dr. Sripriya Rengaraju, lITM, India
30
30
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Influence of field curing
Non-steady
Total ch state
otal charge
. Specimen & diffusion
Binder system . passed .
details coefficient
(Coulombs) 5
(x 107
m?/s)
Field
. 160 1.77
specimens
LC3
Lab
. 120 1.98
specimens
PPC (Fly ash; 25 % | ¢d 3050 12.50
replacement from RS
RC slabs subjected to field like curing ..
using Hessian cloth for 14 days after Srinivasan et al. Lab
which slab was exposed to environment (2013)) . 1800 8.20
specimens 31
31
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Shrinkage of concrete
600 1 - opcc
----- FA30-C C-Mix
eetess jie i
= —— OPC-C
© FA30-C " Total
8 400 1 —— cic o578  shrinkage I 1
S
E
o
_E 200 ! !
(,) 7\
e e T e 22 - Increase in autogenous
R TN ‘shrinkage
1t )
0 100 200 300 400 500

Exposture time (t-tg), days

32

32
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ASR
0.2 ——PClobe 0.32 M
——LC3-50 (50%)Jobe 0.32M
——PC lobe 1.6M
LC3-50(95%)Jobe 0.32M
-+=PCVerz0.32 M
0-15 == LC3-50 (50% JVerz 0.32M
----- PC Verz PS
PC LC3-50 PC LC3-50
032M 032M  032M  0.32M 8 o1
1.6 M Pore PS 2 oz
Solution % .08 ‘
1.6M
0
. . 810 1010 1210
* Immersed in solutions from 28 days
+ Stored at 38 °C .05
Time (d) in solution
Slide Prof. Karen Scrivener
33
33
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Impact of alumina silicate SCMs
» It have been realised for some time that SCMs containing alumina are more effective
» The work of Chappex at EPFL showed this was because alumina absorbs on reactive sites of reactive
silica and inhibits the dissolution:
S o Y
Dissolution of aggregates Dissolution of aggregates
after 1 year in alkaline after 1 year in alkaline Chappex 2012
solution, no alumina solution, with alumina 34

34
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Experiences on the use of LC3 in concrete

» Portland cement can be replaced on 1:1 basis
with no compromise in properties

» LC3can be used as regular cement in most applications

» Separate grinding as a strategy to reduce water demand caused by calcined clays

35
35
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K 2l N
Design Comp. Strength
stfgr? ¢ Cement| Design Slum MPa
Cement type h 9 Content| Slump (cm)p wi/c
block. (kg/m3)| (cm) 7d 28d
MPa
5MPa| 300 3.6
5MPa| 300 4.2
Most used element in house and industrial all construction (100 M units
per year)
Demands 10% of Cuba’s cement production
Standard process, same amount of cement (P-35 and LCC), similar results
strength 28 d and absorption
36

36
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Design | Cement | Design Slum Comp.M?Dtrength
Cement type |Strength| Content | Slump (cm)p w/c a
Mpa (kg) (cm) 7d 28d
Precastconcrete
bridge part made |25 MPa| 360 12+3 | 175 0.57 21.0 31.4
with LC3
Precastconcrete
bridge part made |25 MPa| 360 12+3 10 0.49 20.4 33.2
with PC
e Standard process, same amount of cement (P-35 and LCC), similar results strength
28 d and absorption
* Chloride diffusion coefficient 8-10 times smaller in LCC concrete
* Air Permeability 2-6 times smaller in LCC concrete
37
37
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Grinding
= Electrically charged calcined clay . Clinker

@ Calcined clay

Limestone

= Calcined clay and limestone as a result
end up ground in excess

38
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Impact of grinding aids

CC1h Amine0.13%

CC1hPCE10.45%

CC1hno GA

CC 1h Glycol 0.12%

Franco Zunino, 2018 3 39
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60.00%

BELT 3: limestone

=G
How to reduce water demand? Separate grinding
, LC22:1
BELT 1: calcined clay
5.00%
.|
BELT 2: gypsum 35.00% LC3-502:1
5.00%

45.00%

M Calcined clay M Limestone
L]
B Gypsum
P35 30.00%
< 00% 5.00%
[seonpary PRIMARY Il
u Clinker ® [imestone
= Calcined clay = Gypsum
CLK CCL LS GYP Total SO3 90.00%
LC22:1 0.00% |63.00% |30.00% | 7.00% |100.00% 2.80% o
= Clinker Limestone = Gypsum
40
40
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Industrial trial 2018
CEMENTO
5 SIGUANEY
41

41
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Separate grinding: impact on strength (standard mortar)
s 60
a Decrease of calcined clay content
% 50
& Increase clin ontent
o 40
2 30
£ 2
£
S 10
0
P-35 LC350(2:1) LCS 50(1:1) LC3 65(2:1) L(:3 65(1:1)

mild 7.29 12.5 7.84 12.3 7.68

m3d 17.6 28.3 10.1 29.7 26.3

m7d 28.7 36.3 24.5 39.3 30.1

m 28d 34.7 1.53 23.39 48.41 46.48

Initial settingtime |Final setting time Normal
P35 +LC2 . .
(min) (hrs) Consistency (%)
LC350(2:1) (50% LC2) 40 1.33 35
LC365(2:1) (35% LC2) 40 2 33
Testing following NC 96:2011 (equivalentto EN 197 (water/cement=0.5) 42

42
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Separate grinding: impact on rheology
60
55
s 50
I 45
T 40
8 35
30
25
20
Mix 115%LC2 Mix 2 30% LC2
43
43
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Separate grinding. Impact on strength. Concrete
Properties of concrete:

g 9 * Min cement content:
S 80
5
G 60 * Water to cement: 0.4
E 50 * Spread: 55cm
8 40
©
(3]
.©
g
2
ﬁ 15% LC2 30% LC2 45% LC2

M 24 horas 21.2 20 17.2

M 3 dias 34.7 35.2 329

W7 dias 46.4 47.9 46.8

W 90 dias 68.05 76.8 79.9

44
44
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Separate grinding. Real concrete for a bridge girder

60.00
© 50.00
o
=
S 40.00
©
L
5 30.00
2
2 2000
S
g 10.00
o]
0.00
M Concrete PC50%+ LC250% 16.97 39.47 51.40
B Concrete with PC 24.20 42.03 48.33
fc w/c PC LC2 SP |Sand 1|Sand 2| Gravel | Water
MPa kg kg It Kg kg kg It
CPO 35 0.40 450 2.25 235 547 882 170
LC3 35 0.40 270 180 5.4 235 547 882 170 45
45
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Separate grinding. Real concrete for deep pier foundation
70
© 60
2 50
0
g 40
o
£
S 30
§ 20
2
7 10
o
0
CPO + 15%LC2 CPO +20%LC2
u2d 25 24.8
W 3d 32.1 28.9
m7d 41.8 42.3
m28d 55.4 58.95
An alternative to Silica Fume for the production of
high strength concrete 16
46
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Exposure under natural (aggressive) conditions

LC3-502:1

47

47
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60.0

50.0

40.0

Surface resistivity (kQ)
w
o
S)

0.0

W 2016
m 2017
W 2018

Resistivity

M-381LC3 50
18.5
33.6
56.52

Low corrosion risk

M32 PC
6.1
9.7

13.23

48

48
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Corrosion
49
49
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Technology for calcination: flash calciner coupled to rotary kiln
Two stage process: 5 o
£ £ E
1. Removal of absorbed water | 3 g
(calcination tower) o e 3
N S
Removal of chemically 3 °8° g
bound water(rotary kiln) S £ =
- g T
3 S 2
e [
= 52 8
© - n
= Lo 8
2 ES &
€ z:
; (O —
& “ v Clay gets dehydroxilated
—
Calcined clay
Graph taken from CEMCAP Report “Status Report on Calciner Technology”, EU Horizon 2020, ZOIE%‘p
50
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Technology for calcination: flash calciner

Two stage process:

1. Removal of absorbed water
(calcination tower)

Removal of chemically
bound water(calcination

Hot gas from burner dries material

“Raw material drops throughto burner

Clay gets dehydroxilated

Raw material should be lifted 50-65m

Q V Calcined clay

Graph taken from CEMCAP Report “Status Report on Calciner Technology”, EU Horizon 2020, 201':-51
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Technology for calcination: double shaft rotary kiln

Two stage process:

calcination

1. Removal of absorbed water ’
(first shaft) EﬂFﬂﬂ

2. Removal of chemically Dehydration oc
bound water(second shaft) 4 structuraion [ 4499
£ Dehydroxilation 1200
&
[}
=
P

52

52
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B

Process-wise CO, emissions (Ground to Gate)

900
800 795
i 1] Services
Packing
700 g
m CementGrinding
% 610 ® Calcination (fromfuel)
| 565 o « Calcining (from electricity)
- o &
= 463 o s Clinkerisation (from raw material)
=2 [
o 500 5 5 o
§ = o S w Clinkerisation (fromfuel)
— =]
@ = X
@ o i izati i
400 2 347 z m Clinkerization (from electricity)
= § m Coal Mill
=] > = 5
8 300 260 o ® Grinding of Raw Material
S L ® Crushing
200 g m Transportation
S ® Supplimentary material extraction
100 o Fuel Extraction
® Raw Material Extraction
0 T T d
OPC PPC Lc3 53
53
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Cash production costs calcined clay (in USD/t)
35.0
31.3 31.3
30.1 29.5 29.5
30.0 27.2
25.0
20.0 171 es 18.3 es 183
14.2
15.0
10.0
50
0.0
Scenario 1.1. Scenario 1.2. Scenario 2.1. Scenario 2.2. Scenario 3.1. Scenario 3.2.
M clay close to plant ™ clay @ 200 km from plant
Iu ceMenmis | € |E |M o
c|o|N 5.
54
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Cost for LC3

Total production cost LC3 (in USD/t)
40.0
35.0

300
250
200
150
100
5.0
00 -

r 1
: M clay close toplant M clay @ 200 km from plant :
| 1
1 3 |
_, A 2-7USD/tbenefit-LC3v. Cem | .
(Cash Cost USD 30/t-cem) 1
|
1
n cemenms 5 1™ A 10-15USD/tbenefit-LC3v.Cem | _ _ _ _ _ _ _ _ _ _ )
clo N (Cash Cost USD 47/t-cem)
5 55
55
Limestone
Calcined 3 R
Clay = z
Cement —
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Payback period (in years)
7.0
6.0 6.0
6.0 —
5.0 4.4 2.4
4.0 38 35
3.0
1.8
2.0 16 . 1 Lo 14
C O ol
L
Scenario 1.1 Scenario 12 Scenario2.1.  Scenario 22.  Scenario31.  Scenario 32.
® clay close toplant M clay @ 200 km
IRR (in%)
120%
98%
00% 87%
80% 5% 71%
63%
o 55%
o 24%
o 22% . 17% 17%
9% 9%
e Tm S o
clolN Ill CEMENTIS Scenario 1.1.  Scenario 12.  Scenario 21.  Scenario 2.2 Scenario 3.1 Scenario 3.2
® series] M Series2 56
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TRC Cuba already in full operation

@' LC3-TRC Cuba? - Ecosolutions X 4+ _ a x

“ C @ httpsi//ecosolutions.gl/lc3-trc-cuba & % ﬁ i

(ﬁ\ ecosolut]ons HOME ABOUTUS EXPERIENCE LC3-TRC v CEMENTUPDATES v SERVICES NEWS EVENTS TEAM

HNOLOGY RESOURCE

Contact Team »

57

57

N . | Fully sensor-
—— plﬁtq | equipped calcined
E)(p@f.imentul clay calcinerand
P SRR

grinding facilities
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Protocol to assist companies introduce LC3
2 Screening clay B Claydeposiy ] Lithology P
5 candidates |} claydenostea | . s @ candidate
( eCOSO | U ti O n S E l Clay deposit3 Chem composit ,
‘. — Bound water
Sustainable habitat " Reactivity of clay
[ / o 2 'g candidate R3 protocol Heat hydration @
£ l Std. Mortar conten
Non-profit company N — —
< " . . raw free . Mortar N N
registered in Switzerland, I Caldnation | O — | @
: - - parameters = | I UEHSIe)
with the goal of providing ~ | £ Residencetime !
advisory service to ° l -
. . - rinding strategy Std mortar
companies in the cement £ Cement R B — Market
5 formulation B L | products
sector E l C. Clay/LSratio Heat hydration
(www.ecosolutions.gl) h —
£ Feasibility
é CAPEX/OPEX
: !
Decision
making
59
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RILEM TC-282 Calcined Clays as Supplementary Cementitious Materials

» Start Date: August 2018, End Date: August 2023
» 60+ members from academia and industry
» 5 Work Groups working on:

» Clay characterization

» Process (calcination, grinding)

» Hydration

» Applications

» Durability
» Technical report composed of 15+ whitepapers
» To be released end of 2022

60

60
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Summary

* The synergy between the clay and limestone modifies the
phase assemblage

e Pore structure refined
e Strength comparable to OPC

* Improved durability performance in most conditions
* Faster carbonation — expected from all low CO? cements

Experience in a wide range of applications

61

61
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Thank you!!

José Fernando Martirena Hernandez (Prof. Dr.Sc.Ing.)
Director CIDEM

Faculty of Constructions. Universidad Central delas Villas
e-mail: martirena@uclv.edu.cu/fmartirena@ecosur.org
skype:fmartirena@ecosur.org

Whatsup:+53 52637716 or +417 97102146

website: www.ecosur.org / www.lc3.ch /www.ecosolutions.gl
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