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Introduction

All the possible blends with three components (CSA, OPC and C$ for example) can be
represented in a ternary diagram (an equilateral triangle):

Ternary diagram

CSA
100 % 0%

0%

CS 100% 80% 60% 40% 20% 0% OPC

Point A: 55% of anhydrite,
30% of CSA clinker,
15% of OPC.



Introduction

The points in this diagram can also be described by a X and a Y value:
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Point A: X = %0PC + %CSAXx0.5=15+30x 0.5 =30.
Y = %CSA x 1/3/2 = 26.



Introduction

In the following example, the blue line corresponds to blends with 40% of OPC and
variable proportions of CSA and anhydrite (C9).

Ternary diagram
90 CSA
100 % 0%
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70 80 % 20 %
60
60 % A 40 %
g 50
S
> 40 40 % 60 %
30
20 20 % 80 %
10 B 100 %
0
c$ o 20 40 60 80 100 OPC
X value

From point A to point B, the quantity of anhydrite varies from 0% to 60%.

We will model the effect of the anhydrite-CSA proportions in this ternary blend
containing 40% of OPC.



1. Method

The phenomenon (anhydrite and CSA % variation) has to be described by an
equation :

Ternary diagram

Y =2 x sin (N/3) x X — (2 x sin (M/3)) x 40 0 100% A 0%

80
Y =+/3 x X —40v3 20 80 % 20 %

®0 60 % 40 %
X value varies from 40 (point B) to g 50 g
70 (pOInt A) > 49 0% y=1,7321x- 69,28 60 %

30

s |20% 80 %
Each steP durlng GEMS modeling (cNu) will 10, Q 60" Y oon
be associated with the value of X. 0

c$ o 20 40 60 80 100 OPC

X value

101 points (it's enough!) will describe the blue
line (0<cNu<100, 101 steps)

- X = proportion of OPC + (100- proportion of OPC)/200 x cNu
=40 + 0.3 x cNu JE= ¢



1. Method

For each modeling step (cNu value), the OPC, CSA and C$ proportions can be calculated :

- X =40 + 0.3 x cNu,
-Y =3 x X — 403,
-CSA%=Yx%=2xX—80=2x(40+O.3chu)-80

\/_
= 0.6 x cNu,
-OPC % =X-CSA% x0.5=40+ 0,3 xcNu—- (0.6 xcNu)x0.5
= 40,
-C% % =100-CSA % - OPC % =100-40- 0.6 x cNu
=60 — 0.6 x cNu.

Therefore, if the composition of the raw materials is known, we can indicate the
composition of the blends for each modeling step (X value from 40 to 70) .

For example :

% anhydrite i, e piend = % OPC x % anhydrite gpc + % CSA X % anhydrite ¢ga
+ % anhydrite X % anhydrite ., a anhyarite

=40 x % anhydrite opc + 0.6 x cNu x % anhydrite ;ga
+ (60 - 0-6*CNU) X % anhydrite natural anhydrite



1. Method

Cement composition:

Component OPC CSA alr?s;lijrr?tle

CsS 62 0 0

C,S 15 10 0

C,A:% 0 66 0

C$ 0 4 87

C$H, 3 0 0

C;A 0 0

C,AF 11 0 0

Considered as unreactive

(M, CT, CMc, etc.) 3 20 13




SysEq

You can open the modeling project.

Input recipe:

2. Modeling

Ternary blends

Water : 100g

Presence of
CsS,C,S, C/A,S,
CS$, C$H,, C;A and
C,AF in the
blends

C5R-0PC-C%

| Masses| 0 1] 1] 1] 0.107| 16.9683]
|V01u.ms| 1| 1| |Procs | 0| 0| 0|

AC | CCvp xa

(1] * 1 (CH)3 MIN Aluminum-hydroxide._ |g 4]
1 * R1203 MIN Rluminum-oxide 1M |g 4]
2 R125i205(CH) 4 MIN Kaolinite 1M o 4]
3 + Boua RQ 1 mole H20 o 100
4 * clzav MIN Mayenite 1M o 4]
& + CZ53 MIN Dicalcium silicate..|g 1
& + C3n MIN Tricalcium alumina..|g 1
7 + C35 MIN Tricalcium silicat..|g 1
8 + C4n3s MIN Yeelimite 1M o 1
9 + C4LF MIN Ferrite 1M o 1
10 | * Ch MIN Calcium aluminate ..|g aQ
11 | * CRZ MIN Calcium dialuminat..|g aQ
1z |* Ca(CH)2 MIN Calciu.m—hydroxide_... o 5]
13 |* CaC MIN Calcium-oxide 1M o 4]
14 [+ Cas04 MIN Calcium-sulfate 1M |g 1
15 |* Ca504 0.5H20 MIN hemihydrate 1M o 4]
16 |* Ca5i03 MIN Calcium-silicate_1..|g 4]
17 |* Fe2(3 MIN Iron-oxide- (hemati.. |g 4]
ig |* Fel MIN Iron-oxide 1M o 4]
19 |* FeCCH MIN Iron-hydroxide 1M |g 4]
20 | * Fe3 MIN Iron-sulfide 1M o 4]
21 |+ Gypsum MIN Ca—sulfate—2H20—1H_ o 1
22 HZ GA Hydrogen 1M o 4]
23 | * H25 GA Hydrogen-sulfide 1. |g 4]
24 |* H2504 R Sulfuric-acid 1M o 4]
25 |* o2 GA Oxygen 1M o aQ
26 |* 503 MIN Sulfur-trioxide_ 1M |g 4]
27 |* 5102 MIN Silicon-dioxide_ 1M |g 4]




2. Modeling

Input: System Definition | Results: Equiibrium State |

Phase/species |L |T|Onf|UC |Add to BC|UG |GO c
4]

agqg_gen 47 a + (=1 i}
gas_gen +
C3 (AF)50.84H
CSHQ
ettringite-al
ettringite-Fe
monosulphate-Al
monosulphate-Fe
504 OH AFm
OH_504 AFm

21 (CH)3mic
Gibbsite
Kaolinite
Mayenite

Belite
Aluminate

Alite

Ferrite

Ch

CR2

C2mHTS5

C3LHe

C4mH13

CRHIO

C4nsHI12

C2nsSHE
ettringite
C3FH6

C4FH13
C3F50.84H4.332
C3F51.34H3.32
lime
Portlandite
Anhydrite
Gypsum
hemihydrate
Iron

Hematite
Magnetite
Ferrihydritce-am
Ferrihydrite-mc
Goethite

Byrite

Troilite
Melanterite
Sulphur

Quartcz
Silica-amorph

15 C
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Process:

Input :

2. Modeling

cNu value = modeling step

Ternary blends 40% of CPC
OPC, CSA and
iTm iv iP iTC iNw iTan ipXi iNu :yi:nH ipe ..
1000 ] 1 20 o o o q ] ] Comp05|t|on
1100 o 1 20 o o o 100 0 0
1 0 b b 0 0 0 1 0 o/////////
cTm 1100 ] 1 20 o ] ] 100 0 q
£ Blend composition: modC[0] = modC[1] v modC[2] -
_______________________—-e>o &5 0
xa [{C3S}] =: 0.01% (modC[0] [0]*4040.60%cNu*modC[0] 9 - 0
[11+(60-0.6%cHu) *modC[0] [2]1) ; =
,,——,——,,,——————”””’i; 66
xa [{C25}] =: 0.01% (modC[1][0]%40+0.60%cNu*modC[1] J q 87
1]4(60-0.6%cNu) *modC[1][2]) : _
[11+( ) [1112]) 7 0
xa_[{C4A3s}] =: 0.01% (modC[2] [0]*40+0.80*cHu*modC([2] = € 0
[1]+{60-0.6%cHu) *modC[2][2]) ; A 11 0 0
7 3 20 13
xa [{CaSC4}] =: 0.01% (modC[3][0]*40+0.60%cNu*modC([3] o 0 o
[11+(60-0.6*cNu) *modC[3] [2]) :
0 ] o
xa_[{Gypsum}] =: 0.01* (modC[4][0]*40+0.60*cNu*madC[4] 10 a 0 0
[1]1+(60-0.6%cHu) *modC[4] [2]]): 11 o] s} o]
12 0 0 o
xa [{C3R}] =: 0.01% (modC[5][0]*%40+0.60%cNu*modC[5] 0 5 5
[1]+(60-0.6*cHu) *modC[5] [2]} : L2
14 ] o o
xa_ [{C4AF}] =: 0.01% (modC[6][0]*40+0.60*cHu*modC[6] 15 0 o o
[1]1+(60-0.&*cNu) *modC[6] [2]) : e 2 a 2
17 0 o o
Inert phases|:= E 0 0
13 ] o 0~




2. Modeling

Output :

Controls | Sampling Results | Config ||14I04f2014, 13:11
|werc | 9999 101||wext | offz | of & | 100llap | 100]
| psTrey|cEMS2014:G:C5R-0PC-CS:0:0:1:20:0¢ |letm | 1100|[ewv | o
[cTau | ES olffexs | 1lfcwu | 100
|cpr | 0lfcpe | = olffer | 293.15]|
£ x—axis : step = anhydrite percentage

Xp[J] =: 60-0.60%cHu;

£ y-axis composition : unreacted phases

yp[Jd][0] =: 0.01% (modC[7] [0]*40+4+0.6%cHu*modC[7] [1]+(60-0.6%cHu) *modC[7]

[21):

£ y-axis composition : hydration product

yvp[J][1] =: phM[{ettringite-Fe}]+phM[{ettringite-Al}]:

yve[J]1[2] =: phM[{Gypsum}]:

yel[J][3] =: phM[{al (CH) 3mic}]:

vep[J]l[4] =: phM[{monosulphate-A1}]4+phM [ {monosulphate-Fel}] !

yp[J] [5] =: phM[{C2ASHE}]:

ve[J]l[e] =: phM[{Portlandite}];

ve[J1[7] =: phM[{C5HQ}]:

yvpl[J][8] =: phM[{C3F50.84H4.32}]:

ve[J]1[9] =: phM[{C3AHE}]:

ye[J]1[10] =: phM[{ag gen}]:

£ End




3. Results and applications

S

ReSU ItS (VOI ume ) Ternary diagram

90 CSA
100% A 0%

Ternary blends : 40% of OPC (volume) 80

150
70 80 % 20%

60

60 % A\ 0%
g 50

S 40 40% 60%
30
20 |20% 80 %

0, B 100 %

cs$ o 20 40 60 80 100 OPC

X value

cm3/100g

In OPC-CSA blends, ettringite proportion
can induce stability issues :

I T
. Anhydrite . (40% of OPC and 28% of anhydrite)
Point A Point B =1

N




3. Results and applications

Results (weight):

Ternary blends : 40% of OPC

250

Ternary diagram

90 CSA
100 % 0%

200

80
0 80 % 20%

60

S 60 % A g 40%

50

40 40 % o 60 %
30

g/100g
Y value

100
20 |20% 80 %

0, B 100 %

c$ o 20 40 60 80 100 OPC

X value

50

T T T T T T T T T T T T 1
0 10 20 30 40 50 6l
Anhydrite

20-30 g of ettringite without gypsum = 13.5 and 16 % of anhydrite.



3. Results and applications

Quantitative analysis after 28 days of hydration (water/cement ratio = 0.5) for 40% of

OPC:
_ Wat A h
140 SOAAFM = Stratingite.
120 G Ettringite
100 - Water
o)) Amorphous
S 80 B soiarm
> 60
40
20 & Ettringite
0 1 1 1 )
6,5% 10% 13,5% 17% 20,5%
Anhydrite (%)

50 .
40 +

230

S

3 20
10

0
6,5%

m Ye'elimite
Anhydrite
C4AF

m Alite

m Bélite

10%

13,5% 17%
Anhydrite (%)

20,5%

The predicted and observed effects of anhydrite proportion are similar.

However, the ettringite proportion is higher because a part of the OPC has not yet
reacted (only 28 days of hydration).



3. Results and applications

Example : other ternary blends containing 20-30 g of ettringite and without gypsum.

Ternary diagram
90 CSA
100 % 0%
80
20 80 % 20%

60
60 % 40 %

50

Y value

40 40 % 60 %

30
20 %

20 \80 %

0 \z 100 %
0 A A A=

c$ 0 20 40 60 80 100 OPC
X value

Same modeling process with other OPC proportions!



3. Results and applications

Modification of the previous project :

1 - Create a new clone of the process

2 — INPUT : change the OPC, CSA and anhydrite proportion in the process

- OPC % =40 - OPC % = modCJ8][0],

-CSA % = 0.6 x cNu - CSA % = (1-modCJ[8][0]/100)*cNu,

-C$ % =60-0.6 xcNu. > C$ % = ((100 -modCJ[8][0])-(1-modC[8][0]/100)*cNu),

3 — OUTPUT : change the anhydrite percentage and inert phases proportions

- The OPC percentage is indicated in the cell [8][0].



3. Results and applications

Lower OPC proportion = increase of ettringite proportion and formation of gibbsite.
20 % of OPC

30 % of OPC

............ . 2005

200
150 150
gm J=d Straetlingite
S S
= Straetlingite o
(=)}
lm . LA . lm .
50 50
0 - ; I . I . I i . 0 | ‘ I I I I I I ‘ I I I I I I“ I
° 20 0 Anhydrite *0 B - L L =
Anhydrite
L
Sy 18




3. Results and applications
Higher OPC proportion - ettringite proportion decreases and katoite (and hydrogarnet)

proportion increases (kinetic issue?)
60 % of OPC 80 % of OPC
e 200 4} -
1504
7 5
100 - CSH ...
50
; e S
Anhydrite 0- ; m——
0 20

You must hinder the formation of other compounds (Fe(OH),, aluminate phases, etc.)
L=

19



3. Results and applications

Between the blue and purple lines : blends with 20-30g of ettringite (without gypsum)

0g of gypsum / 20-30g of ettringite
90 CSA
100 % 0%
80
70 80 % 20%
60
60 % 40 %
@ 50
E
> 40 40 % 60 %
30
o0 |20% 80 %
1
OO% 100 %
0
c$ o 20 40 60 80 100 9OPC
Xvalue

Ettringite proportion is higher than predicted (after 3 months of hydration) due to the
slow formation of hydrogarnet and the slow reaction of cement components (C,AF,

C,S mainly).



3. Results and applications

Blends with porlandite and 25g of ettringite (without gypsum) ?

0g of gypsum / 20-30g of ettringite / portlandite Ternary blends : 20-30g of ettringite + portlandite
90 CSA 250
100 % 0%

80 i

20 80 % 20% 200

o0 60 %

6 40 %

3 50 l:,"15[]
g 8
> 40 40 % 60 % %

30 100

2 |20% 80 %

y=-1,17x+ 105,58 50
10 2 -
0
cs o 20 40 60 80 100 OPC o | .
X value 50 55 60 65 70 75 80
OPC

There should be more than 52% of OPC.



Conclusion

Thermodynamic modeling of CSA— OPC — C$ blends:

—> prediction of the composition and impact of different parameters,
—> helpful for complex blend formulation,

- must be compared with experiments (hydration kinetic),

—> conditions of hydrogarnet formation in OPC-CSA blends ?



QUESTIONS

Do you have any questions?

A

v’



