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1. Introduction: CSA cements

EMPAQ
Calcium sulfoaluminate cement (CSA)

~ 75-85% CSA clinker

= made from mixtures of calcite, clay and anhydrite
(rotary kiln, = 1250°C)

= main phase: ye'elimite = 4Ca0-3Al,0;-SO;

= minor phases: belite, ferrite, calcium aluminates, perovskite,
gehlenite, calcium sulfosilicate, ...

~ 15-25% calcium sulfate (gypsum, anhydrite)

Main hydration products:

= ettringite, = monosulfate,
3Ca0-Al;,05-3CaS0,-32H,0 3Ca0-Al,0;-:CaS0O,-12H,0
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1. Introduction: Hydration of ye‘elimite

EMPAQ
(1) C,Ass + 18 H — C;A-CsHy, +2AH; (monosulfate)
(2) C,Ajs +2CsH, +24H — C3A-3CsHj, + 2 AH,4 (ettringite)

3) C/Ags +6CH + 8CsH, + 74H —— 3 C;A-3CsHy,

200 - :
consumption of

— C4A3s calcium sulfate
= 160 - = C4A3s / gypsum 1:1 (mol)
2 — C4A3s / gypsum 1:2 (mol)
5 120 - — C4A3s / gypsum 1:3 (mol)
E) C4A3s / gypsum 1:4 (mol) /\
‘% 80 1 reaction (2) reaction f[l)
) vy >
=40 \

O I I I I

0 2 4 6 8 10 12 14 16 18
hydration time / h
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Winnefeld F, Barlag S.: J. Therm. Anal. Calorim. 101 (2010), 949.



2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ

Hydration of ye'elimite at 20°C

= variable amounts of anhydrite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= single (parent file)

= process file for variable anhydrite additions

= comparison to experimental data

=> open GEMS project “Yeelimite”
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2. Hydrates in the system C,A;s — Cs - H,0

open single file ,Ye_anh":

EMPAQ

hydration of a mixture of 90 g C,A;s + 10 g Cs + 100 g water + 1 g O,

Input: System Definition

l Results: Equilibrium State ]

Phase/species

‘L ‘T|On/‘UC ‘Add to BC‘UG ‘GU corr. ‘
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ag_gen
gas_gen
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C4AcCU . 5HIS
C4RcH11
ettringite
Aragonite
Calcite
lime
Portlandite
Enhydrite
Gypsum
hemihydrate
Sulphur
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SO,/CO;-AFt ss deactivated

gibbsite deactivated

(does not form at ambient
temperature and ,normal”
hydration times)

we use the ss instead

all carbon containing phases
deactivated




2. Hydrates in the system C,A;s — Cs - H,0

N
wtReE® X Y IEY VBN e @ e
=al ! |
I Compos DComp | Phase | IComp | Surfaces | Config | 21/04/2014, 13

Hydration of ye'elimite + anhydrite

GEMS 2014
| Masses| 0| 1] 1] 1 0.201] 21.1376
|Volums| 1| 1| |Procs | 0| 0| D|

AC |CCvp Xa
0 + A1 (0H)3 MIN Zluminum-hydroxide..|g 0
1 |+ 1203 MIN Aluminum-oxide 1M o] 0
2 + Lgua g 1 mole HZO g 100 I
3 |+ cl2m7 MIN Mayenite 1M g 0
4 1+ C3p MIN Tricalcium aluminz,. d 0
5 I+ C4R3s MIN Yeelimite 1M g 90 I
6 |+ |cm MIN Calcium aluminate ..|g 0
7 |+ |cmz2 MIN Calcium dialuminat..|g 0
8 * CH4 GA Methane 1M g 0
9 |* |co2 GR Carbon-dioxide 1M |g 0
10 |+ Ca(0H) 2 MIN Calcium-hydroxide ..|g 0
11 |* CaCo3 MIN Calcium-carbonate ..|g 0
12 |+ Ca0 MIN Calcium-oxide 1M g 0
13 |+ |casod MIN Calcium-sulfate 1M |g 10/ |
14 |+ Cas504 05H20 MIN hemihydrate 1M g 0
15 |+ Gypsum MIN Ca-sulfate-2H20-1M |g 0
lé |+ HZ GA Hydrogen 1M g 0
17 |+ H2S GE Hydrogen-sulfide 1..|g 0
18 |+ H2504 20 Sulfuric—acid 1M q 0
19 §+ 0z GE Oxygen 1M g 1 I
20 |+ 503 MIN sulfur-tricxide 1M |g 0
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EMPAQ

hydration of a mixture of 90 g C,A;s
+ 10 g Cs + 100 g water + 1 g O,

=> calculate phase assemblage




2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ

Result: hydration of a mixture of 90 g C,A;s + 10 g Cs + 100 g water + 1 g O,

Input: System Definition Results: Equilibrium State

GEMS workshop, Diibendorf, May 7-8, 2014

Phase/species L T|Emount (mol) logSI/Rctivity Concentration

o g adq gen 23 a 2.1481151 1.75e-09

- Jgas_dgen 3 g 0.03119551 2.365e-10

=] 504 OH AFm 2 s 0.10938991 3.174e-09
C4RH13 J 0.00124%06%4 0.00134535 0.011418506
monosulphate M 0.10814084 0.%87658 0.%8858145%

- 5 CH 504 AFm 2 s 2.8306647e-007 3.174e-0%
C4RH13 M 3.23215%35e-009 0.00134535 0.0114184%¢
monosulphate J 2.7%83428e-007 0.987658 0.%885815

= 5 AL (CH)3mic T 5 0.50081956 —3.845e-10

o5 MayclliLe T 5 0 =I15.9

G- Aluminate 1 s 0 -37.14

+o 5 CLh 1 s 0 -8.171

+o 5 CRZ 1 s 0 -7.78

- 5 C2RHTS 1 s 0 -0.7903

o 5 C3BHG 1 s 0 -0.840¢

+o 5 C4RH1S 1 s 0 -2.413

45 CARH10 1 s 0 —0.28687

| +- 5 ettringite 1 s 0.037596455 -5.961e-09

G- lime 1 s 0 -11.49

CIR- Portlandite 1 s 0 -1.519%

Hoo 5 Enhydrite 1 s 0 -3.756

o 5 Gypsum 1 s 0 —-3.482

CIR- hemihydrate 1 s 0 -4.529

o 5 Sulphur 1 s 0 -120.5

solid solution
SO,/OH-AFm

microcrystalline
AH,

ettringite

=> we will now look at the process file




2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ

open process file,Ye_anh_pr“:
hydration of a mixture of
100 g (C4A;s + Cs; various C,A;s/Cs ratios) + 100 g water + 1 g O,

I Controls Sampling | Results | Config ||21f04;’2014, 15:51

Addition of amhydrite to ye'elimite creates numbers O ... 50 in steps of 0.5
GEMS 2014 . o .
101 single systems % Cs in the system)

iTm iv iP iTC iNv iTau ipXi iNu ipH ipe
0 1000 0 1 20 0 0 0 0 0 0
1 1100 0 1 20 0 0 0 50 0 0
2 1 0 0 0 0 0 0 0.5 0 0
cTm 1100 0 1 20 0 0 0 50 0 0
S hydration of 100 g solid with 100 g water and 1 g oxygen added
%a [{Rgua}] =: 100;
xa [{02}] =: 1;
5 amount of calcium sulfate is taken from iNu
xa_[{casc4}] =: cNu;
3
S calculation of the amount of ye'elimite
xa_[{C4A35}] =: 100-cNu:

GEMS workshop, Diibendorf, May 7-8, 2014 9



2. Hydrates in the system C,A;s — Cs - H,0

Sampling

Controls | I Sampling Results | Config | |21j’04f2014, 15:51

[vezt [ 9999] 101|mext | IE: | E | 100f[gp [ 100]

| pSTkey|Yeelimite:G:¥Ye anh:0:0:1:20:0: letm | 1100{cwv | 0

|crau | 0l[cpxi | offcxi | fcvu | 50
S 0lfcpe | 0f{cEn | offcr | 293.15]

5 x-axis: amount of anhydrite added
Xxp[J] =: cNu;
S y-axis: phase volumes

vpl[J][0] =: phVol[{ettringite}];
ypl[Jl[1] =:

yplJ1[2] =: phVol[{RLl(OH)3mic}];
yp[J1[3] =: phVol[{Gypsum}];
yp[J1[4] =: phVol[{ag gen}l:

=> calculate systems using the process file and display results graph

GEMS workshop, Diibendorf, May 7-8, 2014

phvol [{s04_on_aFm}]+phvol((on_soa_amil; We need both solid solutions

EMPAQ

10



2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ
Result

Addition of anhydrite to ye'elimite

120

] ag_gen
100

Vol { cm3

% Cs

GEMS workshop, Diibendorf, May 7-8, 2014 11




2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ
molar ratio
Result M=1 2 3 4 S
T | . : . anhydrite/ye‘elimite
1 1 | |

QO ] ] | 1

S . | | | 1

k= 100 t ; ; = max. bound water

o - water

> ae : ' = max. vol. of hydrates
S ' ! D = lowest total volume
> 80 ) => max. chemical shrinkage
O jg:' ;" }? n

- 00::%&5::0 <4
™= SRR

s 60 S

o

~~

@

= 40

=

S

o 20

m L)

f_-s Formation of some
o

. ettringite due to
10 20 30 40 50 incorporation of OH-

anhydrite/(anhydrite+ye'elimite) / mass-% in monosulfate

(solid solution)
GEMS workshop, Diibendorf, May 7-8, 2014 12




2. Hydrates in the system C,A;s — Cs - H,0

EMPAQ
Experiment: XRD after 18 h of hydration at water/solid = 2
18000 - © ye'elimite / gypsum 1:4 E = ettringite
| E ye'elimite / gypsum 1:3 G = gypsum
16000 - —ye'elimite / gypsum 1:2 M = monosulfate
| ye'elimite / gypsum 1:1 Y = ye'elimite
14000 —ye'elimite * = aluminium hydroxide
1 E
12000
] E
G G
- 10000 + E c E E
2 ] 1:4
S 8000 - ' surplus of
3 I 13 sum
© 6000 - 9yp
i 1.2
4000
_ 11
2000 TML E v M ‘elimi
x E ye'elimite
T A—'M‘M b - L&
0 L L B e e L
) 10 15 20 25 30 35
20 /°
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3. Hydrates in the system C,A;s — Cc - H,0

EMPAQ

Hydration of ye'elimite at 20°C

= variable amounts of calcite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= single (parent file)

= process file for variable calcite additions

= comparison to experimental data

=> open single file “Ye_cal” in GEMS project “Yeelimite”

GEMS workshop, Diibendorf, May 7-8, 2014 14




3. Hydrates in the system C,A;s - Cc - H,0

open single file ,Ye_cal”:
hydration of a mixture of 90 g C,A;s

Input: System Definition | Results: Equilibrium State |

Phase/species

g
~
=
(]

=]

B T T T

£
£
£
£
w504 CO3 AFt
£
£
£

| deactivated

C®. Graphnite
d-- Mayenite
f-- Bluminate

B T T Nt

(metastability
constraint)

[
[
3
- CRZ
£
E
[
E

+ -

deactivated

#--C4RsH1Z2

(use of ss

H-- C4Acl.5H1Z

+ +

ls] is]y sjyis] [ls]y 'sJispptepyisipiapyiagyis] (ls]y \sRytepylsjytspyisyyls s

#-- CARcH11
------ ettringite

instead)

Tagonite
------ Calcite

------ Gypsum
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+ 10 g Cc + 100 g water + 1 g O,

EMPAQ

I Compos DComp | Phase | IComp | Surfaces | Config | 21/04/2014, 12:
Hydration of ve'elimite + calcite

GEMS 2014

| Masses| 0] 1] 1] 1 0.201] 21.1965]
|Volums| 1| 1| |Procs | 0| 0| 0|

AC | CCvp Xa

] * Bl (OH)3 MIN ARluminum-hydroxide..|g ]
1 * 21203 MIN Aluminum-oxide 1M |g 0
2 + Rgua AQ 1 mole H20 g 100
3 |* cl2n7 MIN Mayenite 1M g 0
4 |* |C3A MIN Tricalcium alumina..|g 0
5 |+ C4Rn3s MIN Yeelimite 1M g S0
6 * (0.1 MIN Calcium aluminate ..|g 0
7 |* |Ch2 MIN Calcium dialuminat..|g 0
8 * CH4 GR Methane 1M g 0
9 * coz2 GA Carbon-dioxide 1M |g 0
10 |* Ca (OH) 2 MIN Calcium-hydroxide ..|g 0
11 |+ caco3 MIN Calcium-carbonate ..|g 10
12 |* Cao MIN Calcium-oxide 1M g 0
13 |* Caso4 MIN Calcium-sulfate 1M |g 0
14 |* Cas04 05H20 MIN hemihydrate 1M g 0
15 |* Gypsum MIN Ca-sulfate-2H20-1M |g 1]
16 |* H2 GR Hydrogen 1M g 0
17 |* H25 GA Hydrogen-sulfide 1..|g 0
18 |* H2504 2Q sulfuric-acid 1M |g 0
19 |+ o2 GR Oxygen 1M g 1
20 |* 503 MIN Sulfur-trioxide 1M |g 0

=> calculate phase assemblage

=
(92



3. Hydrates in the system C,A;s — Cc - H,0

Result

Input: System Definition

Results: Equilibrium State

EMPAQ

solid solution
SO,/CO;-AFt

microcrystalline

AH,

Phase/species i T| Amount (mol) logSI/Activity Concentration

- a ag_gen 2 a 1.9545533 5.82%e-10

e gas_gen 5 g 0.03118%9785 -1.343e-0%

%5 S04 OH AFm 2 50 ~0.6997

- 5 OH 504 BAFm 2 s 0 -0.6997

- 5 504 CO3 AFt 2 5 0.04595%81584 3.211=-08
tricarboalu J 0.00082269489 0.000580702 0.01645%%6
ettringite M 0.049158889 0.98111% 0.98354004

- 5 C0O3 504 AFt 2 5 4.1696143e-007 3.211e-08
tricarboalu M 6.8631%24e-009 0.000580702 0.01ede0018
ettringite J 4.100%824e—007 0.9811195 0_08353908

=1 Al (OH) 3mic 1 5 0.589%6332 5.526e-10

H 5 Graphlte L s U —Dea. e

o 5 Mayenite 1 s 0 -123.1

CIR- Aluminate 1 s 0 -38.18

=1 CL 1 s 0 -8.517

=1 CRZ2 1 5 0 -8.128¢

- 5 C2RHTS 1 s 0 -1.483

o 5 C3RHe 1 s 0 -1.88

=1 C4BH13 1 s 0 -4.2586

=1 CA4RH1S 1 s 0 -3.7%98

=1 CRAH10 1 5 0 -0.6328

e 5 cdnsH12 1 s 0 -0.700%9

: CARCN SH1D 1 0 _1 248

w5 CAACHLL 1 5 0.097444931 -5.071e-09

|  monocarbonate

GEMS workshop, Diibendorf, May 7-8, 2014

=> we will now look at the process file
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3. Hydrates in the system C,A;s — Cc - H,0

EMPAQ
open process file,Ye_cal_pr”:

hydration of a mixture of 100 g (C,A;s + Cc; various C,A;s/Cc ratios)
+ 100 g water + 1 g O,

similar structure than previous file

Input

5 hydration of 100 g solid with 100 g water and 1 g oxygen added
xa [{Bgua}] =: 100;

xa [{02}] =: 1;

5 amount of calcium carbonate is taken from iNu
xa [{CcaC03}] =: cNu;

3

5 calculation of the amount of ye'elimite

xa [{C4A3s}] =: 100-cNu;

Output

S x-axlis: amount of calcite added

xp[J] =: cHNu;

5 yv-axis: phase volumes

yp[J]1[0] =: phvol[{Ccalcite}];

yp[J] [1] =: phVol[{S504 CO3 AFt}]+phVol[{C0O3 504 AFt}];
yp[J]1[2] =: phVvol[{504 CH AFm}]+phVol[{CH 504 AFm}];
yp[Jl1[3] =: phVvol[{C4ncH11}]:;

ypl[Jl[4] =: phVvol[{Al(CH)3mic}];

vp[J] [3] =: phvol[{ag gen}];

=> calculate systems using the process file and display results graph
GEMS workshop, Diibendorf, May 7-8, 2014 17




3. Hydrates in the system C,A;s - Cc - H,0

Result

Addition of calcite to ye'elimite

120
100

80~

Vol / cm3

60
401

20+

0 | 10 | 20 | 30 | 40
% Cc

50

GEMS workshop, Diibendorf, May 7-8, 2014

EMPAQ
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3. Hydrates in the system C,A;s - Cc - H,0

EMPAQ
Result 1 2 3 4 molar ratio
! ! ! ! |ci ‘elimi
120 - | | . . calcite/ye’elimite
| I |
1 | 1
1004  wafer | L
I | I |
| - 7 Cound v
80 - : ; , , = max. vol. of hydrates
' ! = |lowest total volume
50 AH, => max. chemical shrinkage

Formation of ettringite
without addition of

phase volume / cm®/100g dry binder

20 calcium sulfate !
. | calcite
0 - T B — T : l we will compare later
0 1 20 30 40 50 with experimental data

calcite/(calcite+ye'elimite) / mass-%

) 3C/A;s + 2Cc + 72H -
GEMS workshop, Diibendorf, May 7-8, 2014 —mm C3A3C532H + 2 C3ACC11H + 6 AH3 - 19



4. Hydrates in the system C,A;s - Cs - Cc - H,0

Hydration of ye‘elimite at 20°C

= variable amounts of anhydrite and calcite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= 2 process files for variable calcite or anhydrite additions
= comparison to experimental data

=> open single file “Ye_anh_cal_1" in GEMS project

“Yeelimite”: constant calcite, varying anhydrite

(Ye_anh_cal_2: vice versa with constant calcite, not further discussed in this
presentation)

GEMS workshop, Diibendorf, May 7-8, 2014

EMPAQ
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4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ
open process file,Ye_anh_cal_1":

hydration of a mixture of 100 g (86 g C,A;5+Cs + 14 g Cc;
varying C,A;s/Cs ratios) + 100 g water + 1 g O,
(process file Ye_anh_cal_2 does the same vice versa with fixed Cs content)

Input

$ hydration of 100 g solid with 100 g water and 1 g oxygen added

xa_[{Agual}] =: 100;

xa_ [{0o2}]1 =: 1;

3

S amount of calcium carbonate in g to be changed below . N
xa_[(Cac03)] =: 11; € change here if amount of calcite
3 .

5 amount of calcium sulfate is taken from iNu ShOUId be Var|ed

xa [{Cas04}] =: cNu;

3
5 calculation of the amount of ye'elimite
xa_[{C4A35}] =: 100—xa_[{CaCO3}]—cNu:

Output

$ x—axis: amount of anhydrite added
Xxp[J] =: cNu;
$ y-axis: phase volumes

yp[J] [0] =: phVvol[{Calcite}];

yp[J1[1] =: phVol[{S04 CO3 AFt}]+phVol[{CO3 S04 AFt}]:
yp[J]1[2] =: phVol[{S04 CH AFm}]+phVol[{OH S04 RFm}];
yp[J]1 [3] =: phVol[{C4RcH11}]:

vp[Jd]1[4] =: phVvol[{Al(CH)3mic}];

yp[J1[5] =: phVol[{Gypsum}];

yp[Jl[6] =: phvol[{ag _gen}l:

=> calculate systems using the process file and display results graph
GEMS workshop, Diibendorf, May 7-8, 2014 21




4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ

Result

Addition of anhydrite and calcite to ye'elimite

120

100 - ag_gen

Vol / cm3

% Cs

GEMS workshop, Diibendorf, May 7-8, 2014 22



4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ

molar ratio

. M=1 2 3 4 anhydrite/ye'elimite
1 | 1 1
~ 120 - ! L : -
@O T I I I
o) i I I I [ )
I= ! ! ! ! molar ratio
Q - ) 1 — .
2 10071 water : | calcite | : C4A;s / calcite = 1:1
= - ! ! ! ' (86:14 by mass)
© = B 1 I I : y
(@) - SEITIRLS '3'3‘555&‘5 :': :0 :‘:’:‘:‘ RS zggc Ei Ei:ng:\:v
O 80 ,v::.‘ XX < 190909090 %6%6%6%%%: %% 222:20 S z: E::’:E:s:‘ . . .
S u SRR Formation of ettringite
m\ 60 %g.&.o edels! Without addition Of
£ i calcium sulfate !
g |
S 40- = max. bound water
S = max. volume of hydrates
Q => already at M < 2
o 20
@
< = max. chemical shrinkage
o 0

0 10 20 30 40 50
anhydrite/(anhydrite+ye'elimite) / M.-%

GEMS workshop, Diibendorf, May 7-8, 2014 23



4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ

Phase diagram calcite does not take part in reactions

2.5

| excess

“ calcite+gypsum
R e e =

-

1.5 -

ettringite + monocarbonate

+ AH; + calcite

1.0 A — excess calcite

= calcite participates
only in the reactions,
when ratio
oo" Cs/C,As < 2
00 01 02 03 04 05 06 07 08 09 10 = no hemicarbonate
molar ratio calcite/ye'elimite (only stable in

0.5 1 ettringite + monosulfate ™.
+ monocarbonate + AH,

molar ratio calcium sulfate/ye'elimite

presence of
portlandite => OPC)

GEMS workshop, Diibendorf, May 7-8, 2014 24




4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ
Experiment: XRD after 90 d of hydration (commercial CSA cement)
E = ettringite; AH; = aluminium hydroxide; Y = ye'elimite; A = anhydrite;
Cc = calcite; G = gehlenite MS = monosulfate; HC = hemicarbonate . oy e
~ Binder composition
240000 — & . ¢ nawia  Anhydrite  Calcite
i Low -
— High -
1 E HC e AH E Cc m¢MO . . . .
L 1680000 — <A M____,u_ Participation of calcite without
£ — A Com e anhydrite (formathn of ettringite)
S 120000 — ‘ E or when low&medium amounts
] L R AL S meme, of anhydrite are added
80000 — Formation of hemicarbonate
. A ¢ AH e heMo
— - instead of monocarbonate
40000 — L Ean, Ey 2 y (metastability)
i E th].] LUWW mgii
— E E Cc
. AM& " v A )
0— heM2.1 High high
5 10 15 20 25 30
20

Martin L.H.J, Winnefeld F., Miiller C.J., Lothenbach B.: 15t International Conference on Sulphoaluminate Cement: Materials and
Engineering Technology, Wuhan, China, October 23-24, 2013, 229.
GEMS workshop, Diibendorf, May 7-8, 2014 25




5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

Hydration of a commercial CSA clinker at 20°C

= variable amounts of anhydrite and calcite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= 2 process files for variable calcite or anhydrite additions

= reactive part of the CSA clinker as predefined composition
In GEMS

GEMS workshop, Diibendorf, May 7-8, 2014 26




5. Commercial CSA clinker + anhydrite + limestone

Composition of the
CSA clinker

needs to be recalculated
(reactive part only) in mol per
100 g referred to the elements

rough assumption:
inert phases contain no minor
elements

[1] Martin L.H.J, Winnefeld F., Mller C.J., Lothenbach B.: 1t International Conference on Sulphoaluminate Cement: Materials

EMPAQ
CSA clinker CSA clinker
Si0, 541 C,A5S 68.1
Al O; 4261 CA 3.2
Fe:O; 1.55 CA2 0.7
Cr:O;, 0032 C12A7 1.4
MnO 0023 C,AS 19.4
TiO, 2.100 C,S 1.7 inert:
P,O: 0.113 CT 3.9
:0; 24.49
CaO 35.87 M 0.6 70
MgO 1.01 MA 1.1
K,O 0.53
Na,O 0.03
SO, 8.52
LOIL 1.98
Total 99.75
Density (g.f'cms) 275
Blaine (cmz.fg) 2080
CaOg,, (Wt%) 0.06

and Engineering Technology, Wuhan, China, October 23-24, 2013, 229.

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

Predefined composition

CSA

C4A3s
CA
CA2
C2AS *
CT * k%
MA *
M
C12A7
C2S

75.6% is reactive, 24.4% is inert.

XRD / M.-%

68.10
3.20
0.70

19.40
3.90
1.10
0.60
1.40
1.70

Si02
Al203
Fe203

CaOo
Na20

K20

MgO

SO3

TiO2

H20

=> open now GEMS project “CSA”

EMPAQ
Calculation of the composition of the reactive part
nonreactive  reactive normalized | Elements
XRF / M.-% M.-% M.-% M.-% g/100g mol/100g
541 4.25 1.16 1.58263034 Si 0.73977669 | 0.02634016
42.61 8.00 3461 47.2587898 Al 25.0117477 | 0.92699485
1.55 0.19 1.36 1.85591639 Fe 1.29808923 | 0.02324367
35.87 9.54 26.33 35.9497673 Ca 25.6929668 | 0.64107408
0.03 0.03 0.04096665 Na 0.03039141 | 0.00132195
0.53 0.53 0.72374413 K 0.60081458 | 0.01536677
101 0.31 0.70 0.95365699 Mg 0.5750894 | 0.02366136
8.52 8.52 11.6345283 S 4.65967044 | 0.14531499
2.1 2.10 0.00 0 Ti 0 0
0.00 0 H 0 0
@] 41.3914538 | 2.58706287
28
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

_> access

T ~ database
& -
it >
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization

Modules|Record Record List Database Files Window Help

15 |Ca(OH)2

g;i g + Create(New)..  |-] F E E @ 7(‘ _ s |/\/ H‘ 0 ‘|AI[DH}B:M]]'*J:hluminum—h*,rdrmdde
3 = (= . | =]

% M ¥§ Compos : Predefined compaosition objects (PCO)
o Q Display F6 |a

om |

i o« Remake.. PCO Settings | 22/04/2014, 09:56
h 1 Calculate F9
T Aluminum hydroxide B1(CH)3 1 mol
e Save GEMS PCO database

% Save As...
ReacDC 7~ Delete 0.0780036 0 0 0 0 0
%. [\ Plot data
RTparm &= Print.. symIC | PCO symIC|CIc|CI
&0 T 0 [m1 1l{o [a1 .| 1

11 |CA

H 1 H M
Phase |12 |CA2 2 |o 3[2 |o M 3
13 |CH4

ﬁl 14 | CO2
Compos

GEMS workshop, Diibendorf, May 7-8, 2014 30



5. Commercial CSA clinker + anhydrite + limestone

-

‘__, Compos: Please, set a new record key

| P X |

| CSA:MIN:CSA_clinker_1M_:

|csa

| M

i CSA_clinker_1M_

Name of predefined composition object (PCO)
Code of PCO type { AQ RO GA FL HC PM MIN }

Comment to PCO description

.

Reset | From List

Help Cancel

-

GEMS workshop, Diibendorf, May 7-8, 2014

EMPAQ
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5. Commercial CSA clinker + anhydrite + limestone

j_ GEM-Selektor Compos Setup: CSA:MIN:CSA_clinker_1M_:

20 >4

-

Step 1 - Predefined Composition Object (PCO) configuration

Compos record contains data for a Predefined Composition Object (PCO), which
describes a salt, the air, a mineral, a rock, a natural water, etc., treated as a single
named entity in the chemical system recipe.

PCO can be configured according to the source data: as IC or DC amounts/
concentrations; as user-defined formula (UDF) units; or as a large UDF entered into a
text field.

PCO input data configuration
¥ Use amounts of Independent Components (IComp) in this PCO definition (defaul

[ Use formulae of Dependent Components (from DComp/ReacDC records) in this |

m Set number of user-defined formula units for this PCO definition (0 by
= default)

Optional: Input user-defined formula (UDF) text

[ Use a user-defined formula text input field for this PCO definition?
M  moles v| Select units of measurement for this UDF quantity (default: M)

EMPAQ

-

j_ GEM-Selektor Compos Setup: CSA:MIN:CSA _clinker_1M_: [ @ =

Step 2 - Additional settings and next actions

Optional

0 Elﬁ Set here the number of links to SDref bibliography records (default 0)

[ Use a vector of data uncertainties in this PCO definition

What will happen after you click "Finish"

(1) For a PCO definition using IComp amounts, a list of available IComp records
will be shown, asking you to mark the desired ones.

(2) In a PCO definition using DC formulae, a list of available ReacDC/DComp
records will be shown, asking you to mark the desired ones.

(3) Page 1 of the 'Compos' window appears. Fill out BCname field and (optionally)
BCnote lines. Then enter data and formulae wherever needed, check units of
amount/concentration.

(4) Click on 'Calculate' toolbar button to compute the PCO vector. Check or enter

the normalization values in MasVol[0] and MasVol[6] fields and calculate again, if
needed. Setting both fields to zero disables the normalization of PCO to the total

0 Enter here the UDF guantity or amount in selected units (default: mass or total amount of moles, respectively.
Learn more ‘ < Back | Next> Cancel Learn more ‘ < Back | Finish Cancel

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

i Please, mark IComp keys for PCO definition

- -

(2] |

2Z

Please, mark one or more record keys. Filter: *:*:*:;

Aluminum
Carbon
Calcium

Hydrogen
Potassium

Ma

Sulfur
Silicon
%z z Electric_charge

I 0Ok " Set Filter Select All Clear All

Help

Cancel

-

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

VioOWef=figgord Record List Database Files WindguagHel 7~ N\ _
éi & |Compos | . E é 7(‘ | 1 H @ ‘lCSA:M]]\I:CSA_CIinker_lM_:
gI*:*:*: ompo ema 0 e ne e ed O eco ended to re ate the data -0 x
1Clknp 1 1=
1 |AI{OH)3 | FCO Settings | |22{04{2014, 09:56
2 |AI2O3 |
DCal 3 |AI25i205(0H)4 | CSE clinker reactive part 100 g h
4 _|Aqua ! GEMS 2014 |
5 |C12A7 |
Reacolf |6 120 ' | 0 0 of 0 0 0 o]
7 |C3A |
%— 8 |C3s |
9 |C4A3s |
A symIc|pco symIC|cIc |
¢o > e I 1 0 1 0.92699485
11 |ca | 0 A 0 iy o M .
Fhase 12 |CA2 | 1 |ca g1 |ca ..M 0.64107408
3 |CH4 ( 2 |Fe 0|2 |Fe ..M 0.0232438e7
ﬁw_\ 4 [CO2 { 3 | o/ |3 |K ..M 0.01536677
e Ca(OH)2 £ 4 Mg ol la |Mg .. |m 0.023661362
gaﬁlogcog 5 : 5 |Na 0[5 [va ..M 0.001321954
1§ caMo(CO3) & |0 0l |le |O . |M 2.5870629
18 Ca0 [
1M Casoa I 7 5 017 5 . M 0.14531456%
20WCas04 05H20 1 8 |si o/ |8 |51 ..|M 0.026340164
21 Wasios [
| 22 |@e=203 L Compos
23 | CO3 |
24 I CSA MIN CSA_clinker_1M_ record to be inserted
25 | FOOH 1 into project database. Action?
,2‘_6, ll,:: - I' Do it i Doit forAIIl Cancel |
4 3
PCO [2,0] : Output or of bulk numbers of moles of IC in this Predefined Compaosition Object 5 °

load the project afterwards, your predefined composition will be inserted
GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

Open process file CSA_Cs_Cc_1
Input:

tHaEn ¥

a s IN ;h_d_}| la ‘lCSA:G:CSA_parent:D:D:l:ED:D:CSA_Cs_Cc_l:S:

Controls Sampling | Results | Config | |22f[]4f2[]14, 11:10

CSA clinker + anhydrite + calcite

GEMS 20144#
iTm iv iP iTC iNw iTau ipXi iNu ipH ipe
1000 0 1 20 0 0 0 0 0 0
1100 0 1 20 0 0 0 50 0 0
1 0 0 0 0 0 0 0.5 0 0
cTm 1100 0 1 20 0 0 0 50 0 )

5 hydration of 100 g solid with 100 g water and 1 g oxygen added
¥a_[{Aqua}] =: 100;

xa [{o2}] =: 1;

g

3 amount of calcium carbonate in g
xa_[{caco3}] =: 10;

3

5 amount of calcium sulfate is taken from iNu
xa [{Ca504}] =: cNu;

3

3 calculation of the amount of CSA

calculates with fixed CaCO; (here: 10 g) and varying ratio CSA/CaSO,

xa_[{CSB}] =: tluo—xa_[{c:acoa}l—cﬂulf*0-?56: consideration of inert pe

rt

(process file CSA_Cs_Cc_2 does it vice versa with fixed CaSO,)

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ
Open process file CSA_Cs_Cc_1

Output (calculation of phase mass):
Controls ||Tpl|ng Results | Config ||22J'04,"2014-, 11:10

[vert | 9999] 101][Next | N E: | N | 100flagp | 100

[psTkey|csn:G:csa parent:0:0:1:20:0: [ctm | 1100fcwv | 0
[crau | 0fcpxi | ffexi | ey | 50
[cor | 0fcpe | 0lfcEn | offcr | 293.15]

S x-axis: amount of anhydrite added

xp[Jd] =: chu; . . .
=axisi phase masses consideration of inert part

vp[J][0] : (100-x%a [{CaC03}]-cNu)*0.244; I

vp[Jl[1] : phM[{ettringite-Bl}]+phM[{ettringite-Fe}]+phM[{S04 CO3 AFt}]

+phM[{CO3 S04 AFt}]; T

vpl[Jdllz] phM[ {monosulphate-&1} 1+phM[ {monosulphate-Fel}]

+phM[{SO4 OH AFm}]+phM[{OH SO4 AFm}];

yp[J][3] =: phM[{C4ACHI1}];
ypl[J1[4] =: phM[{R1(CH)3mic}]:
yp[J1[5] =: phM[{CSHQ} ]~

yp[J1[6] =: phM[{C2ASHB8}];
yp[J1[7] =: phM[{C3FS0.B84H4.32)}]+phM[{C3FS1.34H3.32}];
vp[J][8] =: phM[{OH-hydrotalcite}];
yp[J1[8] =: 05

yp[J1[10] =: 0;

yp[J1[11] =: 0;

vyp[J]1[12] =: phM[{calcite}];
yp[J1[13] =: phM[{Gypsum}];
ypl[J1[14] =: phM[{ag gen}l;
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5. Commercial CSA clinker + anhydrite + limestone

. . EMPAQ
Result: ternary blend with 10% CaCO; and varying

CSA/anhydrite

~Legend| x# |Label

CSA clinker + anhydrite + calcite e
|0 |inert

|

_ 0 |AFtss |
iTiD_IAFm 55 |
200 : : : - || | o [mc |
_ |0 |AH3 |
pore sol : [0 |cSH |
® |0 |C2ASHS |
o0 [reHg |
|

|

|

|

|

|

|

® |0 |hydrotalcite
|0 |empty
@ |0 |empty

150 [ -

@ |0 |empty
|0 |cCalcite
® |0 |Gypsum

|0 |pore sol

50+

0 | 10 | 20 | 30 I 40 I 50 || Cick legend symbols to adjust curves;

0 select abscissae under x#; edi labels,
Yo @anh drag-drop them to plot area
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5. Commercial CSA clinker + anhydrite + limestone

Phase diagram (commercial CSA¥)

EMPAQ

ettringite / g per 100g
unhydrated binder

100

A: ettringite +
monosulfate
+ monocarbonate +
AH,

B: ettringite +
monocarbonate
+ AH; + calcite

C: ettringite + =
monocarbonate
+ AH; + calcite +
gypsum 90 10
100 3545

0O 10 20 30 40 50 60 70 80 90 100

0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115

GEMS woi CSA I maSS-% * CSA: 68% C4A35



Heat flow (J/g*h)

5. Commercial CSA clinker + anhydrite + limestone

Conduction calorimetry
5 & 20°C, w/c = 0.80,
cement/filler = 1:1

Limestone powder
Quartz powder

EMPAQ
Compressive & flexural strength

20°C, w/c = 0.80
cement/filler/sand = 1:1:2
L = Limestone powder

Q = Quartz powder
35

. 20°C 5°C s 20 °C
20 20 °C —e-BLh ——BLh S 30 T
BQ-h o BQ-h | < |
—BLd —BLd | € 25 | 10
BQ-I BQ-I 2 1o
16 \. oo —e-BL1.1
5°C @ —o-BQ11 |8
g 15 =--BL23 | 7
(7]
g 10 i —D—BQZS 4 6 ﬂ
s s 9 o 1%z
o T +4 3
o o 0 BT 0
13 4
5 | 3
12 3
-10 - 11 =
-15 - 10 5
0.1 1 10 100 &
Time (hours) Time (days)
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6. Appendix: occurrence of CAH,,

EMPAQ

CAH,, may occur as hydration product in CSA clinkers or CSA cements very low
in calcium sulfate

Counts [-]

16000 7

14000 A

12000

10000

8000 -

6000 -

4000 A

2000 -

Y -ye'elimite E-ettringite
C - calcium aluminate M-monosulfate
Ge-gehlenite M*-C,AH,
Pe-perowskite Cd-CAH,,
E —»—-M—h——u—v»‘-ﬂ—JJ\nf—/\-.«
_/U‘J\\_JL W EY 28 d
| p M
u-"ll I'‘"I--.n.--».--"‘"“"ll I\u_._..._-)L - ma_,’\_,ll‘\_mn___,\__\h_,rh.,f\ﬂ__? d

I ]
— 4L "-M,,,.,_J_._.qu'uL_ﬁJ L8 h

\

-+ "_-\_--\.n_-'l.r.'-_-Lr"'\)I""I

%

|

N2 h

30 min
unhydrated

15 20 25 30 35 40 45

2-theta [°]
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6. Appendix: occurrence of CAH,,

EMPAQ
pore solution of CSA cements 2 - i 33223:;3 e Z‘(DSOHS)‘;'ZJ‘;?
may be oversaturated with g B CAH10 o stratlingite
respect to CAH., < ~/+ tobermorite - portlandite

)
_g 1 1 oversaturation
— . - -0 -Q
= 9 S g
The presence of CAH,, is linked .2 ) 4'“‘“11*“5‘==,__-_- -
to the solubility of AH;. S0 4 L
L . = o N
AH; with high solubility: © M P
=> CAH,, may form (as o undersaturation /g\,\—:,_ _--®---_9
predicted by GEMS) =21 P TIaR
Q Ix / \
o & / h---A----a
= - o /
) “coos’
®-e
_2 1 1 1
1 10 100 1000
time/h
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[1] Winnefeld, Lothenbach: Cem. Concr. Res. 40 (2010), 1239.



6. Appendix: occurrence of CAH,,

EMPAQ
project ,Yeelimite”, single file ,ye_anh”

Input: System Definition | Results: Equilibrium State |

Phase/species |L |T|On/|UC |Add to BClUG |GD COYY. |UK |Lower_KC Upper KC |KC type |_
g 0 J 0

- ag_gen 29 a
o gas_gen 5
#-- 504 OH AFm
£
£
i

oW g
+ + + +

0 S04 _CO3 AFt
g 3 =0l nEt

T
T e R R ]

R B B B2

= 21 (OH) 3mic

+ + |

3

708 M 0 le+006 B

t-- G1lbhsite
{-- Graphite
H- Mayenite
f-- luminate

increases solubility product
by 1 log unit at 25°C

o S i

------ C4dasH12

H- CARc0 . 5H12
i CABRCHI1

£ ettringite
{- Aragonite

+

..—..—..—.r..-..-.ﬁ.—..-.r.D.—..—..-.h.-..—.r..-..-.ﬁ.—.
e el el e e e e e e e e e =

UM L LW WML W WML LW WML WWL W ulow

R + + 1

[toJts JTeWTeToJTo JiTe JiTe RToRTo R NTe JTe WTo T lTe MTe Ml RToRTa RiTe Te] F-RToly s QTe Rl TyTolTa]
20 O O OO0 O O OO0 0 00 0000000000 OO0 o PR o000
SR Y Y TR SO S T TR SN T P P TR SN T Y T T T PR T

T v e T v T e Y T v O e T s Y s O T O e Y e Y s O T s T v T e Y s T o B o | W

SER N [ B
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6. Appendix: occurrence of CAH,,

EMPAQ

Result: change of phase assemblage
CAH,, instead of AFm

Iput: System Definition SR L l Input: System Definition Results: Equilibrium State

FPhase/species L |T|Emount (mol) Phase/species L |T|Zmount (mol)

D2 e Y 5 0 0310501 ¢a aqgen 23 2 0.
. . g gas gen 3 g 0.031237305

#.s S04 OH AFm 2 s 0.10938991 b= S04 OH AFm 5 =0

H- 5 OH 504 AFm 2 5 2.8306647e-007 - OoH S04 AFm 2 5 0

®.s Al (OH)3mic 1 s 0.59081956 w5  B1(OH)3mic 1 s 0.29458899

o 5 Mayenite 1 5 0 [ 5 Mayenite 1 s 0

®5  Aluminate 1 5 0 w5  Aluminate 1 5 0

[+ 5 Ch 1 s 0 o 5 CL 1 s 0

#.os  CA2 1 s0 w5 CA2 1 s0

3 C2RHTS 1 s 0 — o 5 C2RHTS 1 5 0

®os  C3RHE 1 so0 ®-s  C3RH6 1 s0

#o5  C4RH19 1 s0 m-s  CARH19 1 s0

B 5 CAHl[.] . 1 s 0 H-5  CBHLD 1 5 0.22148015

SR ettringite 1 5 0.037596495 E 5 ettringite 1 5 0.073643285%

Hos5  lime 1 50 ®e-5  lime 1 s

¥ 5  Portlandite 1 s 0 ¥-5  Portlandite 1 s0

s  Anhydrite 1 s0 s  Anhydrite 1 s20

%5  Gypsum 1 50 #-5  Gypsum 1 s0

®- 5  hemihydrate 1 s 0 ®-5  hemihydrate 1 s0

w5  Sulphur 1 s 0 ®-s  Sulphur 1 s0
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