GEMS workshop 2014

5) Hydration modelling
a) Model of Parrot & Killoh
b) Hydration modelling with GEMS
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Modeling: Dissolution EMPAQ

echnolog y

Empirical Approach: Parrot and Killoh (1984)

70

Ri = El (1-oy = In— oct))(1 M) e
1

K2 X(l_at)Z/B o

1_(1_0‘t)1/3 %

Rt = K3 X(l_at )N3

o
I —..ﬂ\L
All parameters (K;, N;) from 10 ferrite:C,A -

Parrot and Killoh (1984) 0. ) | -

0 0.1 1 10 100 1000
time (days)

Rt:

Cement specific input: surface area, w/c, composition
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o | EmPAQ
Modeling: Dissolution = ”
Empirical Approach: Parrot and Killoh (1984)

nucleation
R = A (1 at)(—ln(l a ))1 N;) alite  belite alum. ferrite
Ny K, 15 05 10 037
Kox(-ag 23 N 07 10 085 07
Ry =—* ( t)1),3 diffusion , 0.05 0.006 0.04 0.015
1--o K, 11 02 10 04
R, = K3 x(1—eq )" shell Ns 3.3 5.0 3.2 3.7
H 133 133 133 133

degree of hydration
o; = oy +AUR
+(1+3.333:(H-Y/, - ay))*
for a, > H-Y/_. Cement specific input:
surface area, w/c
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EMPA°

Modeling: Dissolution B
70 - Alite
{ B
4 PC PC4
%0 : u = XRD
50 .hucleation® Parrot&Killoh 1
X 0.9
— | 0.8
E) 40 1 0.7
q) ~—~~
; 301 0.6 _§~
1 0.5 5
207 04 %
| 0.3
107 0.2
] 0.1
Q —F e r—— 0
RD data fromO O 01 0.1 1 10 100 1000
GWwen Rets@orS@a@db14, pivendort Hydratlon time (days) ;
_ _ _ EMPAQ
Modeling: Dissolution = g
Empirical Approach: Parrot and Killoh adapted
Lothenbach et al. (2008) 38, 848-860
nucleation
R = Kl (1 o )(—In(l a ))1 N;) alite belite  alum. ferrite
Ny K, 15 05 10 037
Ko x(1—a '3 - N, 0.7 1.0 085 0.7
Ry =—* ( t),3 diffusion , 005 002 004 0015
1-(- o) Ky 1.1 0.7 1.0 0.4
R, = K3 x(1—eq )" shell Ns 3.3 5.0 3.2 3.7
H 2.0 155 1.8 1.65

degree of hydration

Ott = Ott_l + At‘Rt_l PP .

(1+3.333-(H-Y/. - o)) Cement specific input:
¢ surface area, w/c

for o, > H-Y/..
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Modeling: Dissolution

Alite

/L

PC PC4

XRD

P&K adapted

Lothenbach ea. 2008, CCR 38

—7 /7 —TT

0 0.01

0.1
Hydration time (days)

10 100

Materials Science & Technolog y

1000

Modeling: Dissolution

127 Belite
| o PC  PC4
10 - = = XRD
° Fertite Modelling
8 4
o
",.\i ¢ | Aluminate
<
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= 4
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0 — UL B AL LL L B B AL
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Lothenbach ea. 2008, CCR 38

Hydration time (days)
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Thermodyn. calculation§MPA®

Multi-component input

| Slowly soluble clinkers

[l Soluble solids

Gypsum

Thermodynamic modeling
GEMS-PSI

Ca?*
CaOH* Speciation in solution
Caso,°

. Portlandite

Anhydrite C-S-H
Calcite L Ettringite
Il Water - AFm
GEMS-Workshop May 2014, Diibendorf Hyd rOtaI C I tes LI
Output data, Portlandite EMPA° ooooo )
PC  PC4

AV AV XRD, TGA

S Thermodynamic modelling

254 Portlandite

Good agreement between XRD, TGA
and modelling

001 01 1

100 1000

Hydration time (days)

Lothenbach ea. 2008, CCR 38
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Output data, AFt, AFm phases ~ EMPAS

i cience & Technolog y

. |2v XRD, TGA
4 | Th d i delli
141 ermodynamic modelling ~ Monocarbonate
12'_ /
2 101 o -
=S - RV S Ab Ettringite
5 8— V, N AA//A N A
§ 6 v/ )/ . Monocarbonate
. | ) .
| v,
a0, K .
2_ // O
O_:: ,,,,,,,,,,,,,,,,,,,, /
001 01 1 10 100 1000

Hydration time (days)

- Overestimation of monocarbonate (<= hemicarbonate, Al in C-S-H)
- Correct amount of ettringite in the PC sample
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EMPAQ
Modeling: Temperature
Arrhenius equation
alite dissolution
70 /I
_Ea e
R — A e RT o 5 °C
20 °C
S 40 50 °C
=
E.: literature 30
20
10
o 1/
0 0.1 1 10 100 100

time (days)
Lothenbach et al. (2008) CCR 38, 1-18
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EMPAQ

C a- an d S | - hyd r ate S 5 o C ot Seece ey
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EMPAQ

Ca- and Si-hydrates: 50 °C

60

50

40!

[g/100 g

solid] 30

20

10

o T v v v v
0.1 1 10 100 1000 10000
0 .
time [days]
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AI', SO4', C03 5 OC

EMPAQ

Materials Science & Technolog y

12
10
ettringite

8 3Ca0-Al,0,:3CaS0,32H,0

[g/100 g
solid] 6
C,A
3Ca0-Al,0,CaCO,11H,P
4 \‘
) 4
hydrota
0 0.1 1 10 100 1000 10000
time [days]
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EMPAQS
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Al-, SO,-, CO4: 50 °C

12

ettringite monosulphate

10 3Ca0-Al,O,; CaSO,12H,0

8
[g/100 g
solid] 6

4

2

brucite : "
ny .
0 v v v v v
0 0.1 1 10 100 1000 10000

time [days]
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EMPAQ

Materials Science & Technolog y

Conclusion

m Empirical approach of P&K (adapted)
m Describes observed dissolution (> 1 day) in OPC well
m Simple to use
m Influencing parameters: surface area, w/c, temperature
m Purely empirical, other models can be used

m Other influences: pH, composition of pore solution, ... not included
40

35 4 __-®& 7]
m Other models can be used 0. A
m Any (empirical) equation which 2 ——
describes the reaction of solid 8 (%
. . £ 204 2 ® OPC-FA-L
as a function of time < K
$ 151
104/
& 8 fitting: y=-15+10*In(x+4.5)

De Weerdt ea (2011) CCR 41:

Reaction degree of fly ash 0 40 80 120 160
GEMS-Workshop May 2014, Dibendorf time [days]
o EMPA
M Od e I I n g : D I SSO I utl O n Materials Science & Technolog y

Rt,T = %(1_ o )(_ |n(1—0(t))(

1

213 4 \
_ KZX(l_at) _(rh—0-55 ] “R'T T, ) Relative surfgce area factor

1_(1_at)1/3 . 0.45 used for ,nucleation and growth* only

, Dalziel & Gutteridge, 1986)
/ th—0.55Y
Rt,T = K3 X(l—O[t )N Lw/l

Rt,T

(relative

Influence of temperature
Arrhenius equation
Ea values: Lothenbach et al., 2008

Cement specific input: surface area [m?/kg], w/c, composition 18




Modeling: Dissolution

EMPAQ

Materials Science & Technolog y

H 4+ M| Parrot /%1

4 =5 1
K, | a-n,)( rh—0.55) surfacearea G
1 =—U0- J-Inl-¢,) e
N, 0.45 385
2/3 4 B 1 1
K,x(1-a)"” (rh-055)" ~3G)
— 2 t e 0
tT /3
1-(1-a,) 0.45
4 E, 1 1
N ( Th=0.55) —7G&G=)
=K, xll-« — | &
degree of hydration of each clinker phase
* initial o, =0 T AR,
t t t
[ ] .
later, for o, (total) > H-wi/c;
H-w/c = critical degree of hydration
Cement specific input: surface area [m?/kg], w/c, composition
p p . g ’ b p 19
Parrot and Killoh model as Excel file
[}
A 5] C u] E F b £ Al AB AC A AE AF AG AH
1 Maodell Parrot and Killoh version 2004 £a
2 suface area 413 C35 646 FET
3 Reference are JEE C25 9.3 SRS
4 wiz 0.5 C3h T4 ST
5 | Feamosrates 20 C44aF T8 T
[ SEX
T referencetem SITA Lh 1.0 AR Acamintie o fostad o f R
g el
3 HNotes
10 Enter your values in the "yellow " boxes; if necessary adapt K.N and H values [ungroup rows)
1 | This calculation tool is not throughfully tested. In case of errors please contact barbara.lothenbach® empa.ch
12 Original Model from Parrot and Killoh (1984) Br Ceram Proc 35, 41-53
12 |Ea and temperature dependence from Lothenbach et al (2008). Cem Concr Bes 38. 1-18
14 | Adaprted K.N and H from Lothenbach et al. (2008) Cem Conr Res 38, 645-860
15 If you use this model cite the above publications
16
17 hydrated [g1100g unhydrated cemeqnot hydrated [gH00 g unhydrated cement] % hydrated [for each clinkg Total degrge of 1
& hydration
13 Hime idaed| C35 C25 C3A C4AF C35 C25 C3A C4AF C35 C25 C3A C4AF
20 time (haurs) [gM100g urkydrated cement] [2M100 g urkhydrated cemant] [ par clinker] rel. ta tatal alinker content
21 0.00 ¢S5=77 | BE-14 3.53E-15 T.4E-15 T.BE-15 5d.6 3.3 T4 T4 000 000 000 000
2z 0.02 Gogr | GE-14 0 3.53E-15 T.4E-15 0 T.BE-15 Fd £ | d nnn  nonn non 000 0.00
23 0.03 Ly | SE-07 0 0.00013  S.3E-06  14E-03 70 0 0.00
24 0.03 Sog¢F | 6E-05  0.00033 000013 12E-06 0 0.00
25 0.03 L4 | 00003 0.00061 000035  BE-O6 0 0.00
26 0.04 SO0 | 00009 000086 000063 15E-05 il 0 0.00
27 0.04 Log | 0.006 00013 0.000%6  2YE-0S — 0 0.00
28 0.04 Lagy | 00026 000193 000136 4.3E-05 —+C3= g 0.00
23 0.05 LaGEF | 00033 000176 000181 G.4E-05 50 —=—CZ5 |I0 0.00
30 0.05 Logey | 00054 000212 000234 SE-05 ca [0 0.00
3 0.06 gansd | 00073 000252 000233  0.00012 caar |10 0.00
32 0.06 fgagsg | 00036 000236 000362 0.00016 o 40 - 0 0.00
33 0.07 Lageg | 00124 0.00344  0.00433  0.0002 o ‘ 28 days 0 0.00
34 0.08 L0057 | 0.0156  0.00357  0.00527  0.00026 g \ 0 0.00
39 0.08 LagEs | 00194 0.00455  0.00626  0.00032 o 30 0 0.00
36 0.09 Gagmy | 0.0233 000513 0.00737  0.00033 0 0.00
3T 010 Lagwds | 00292 0.00583  0.00863  0.00045 0 0.00
38 011 S | 00353 000666 0.01005  0.00055 20 0 0.00
el 0.12 Lagsy | 00425 000751 001165 0.0007 \ 0 0.00
40 013 Lagss | 0.0508  0.00845 001344 0.00034 0 0.00
41 015 L0087 | 00605 000547  0.01546  0.00093 10 0 0.00
4z 016 Lager | 0077 00106 00772 0.00715 —— 0 0.00
43 L1 [i] Lo | 00847 001184 002026 000133 | | | 0 0.00
44 | 020 a7 | 00337 000321 0.0231  0.00164 0 | | : ; ! 0| ooo
45 0.21 SogFF | 07 00T 002631 000132 0.01 0.1 1 10 100 1000 P2 0.00
46 0.24 gagas | 01363 001836 00293 000225 0 0.00
47 0.26 prtrircy 0.6 0.01817  0.033592  0.00262 time {d} 0 0.00
48 0.29 L478F | 01865 002016 0.03542  0.00306 . 0 0.00
6g 26518 s BO151 583215 681387 6.43708 4.4 3.4 0.6 14 093 063 0592 082 089
163 29170 e BO.2d6  5.85921 E.82525 B.45715 4.4 34 0.5 14 093 063 052 0853 0839
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EMmpATh

b =
E F (] H J K L [l M [} F ] R = T U W i * N Z o
3 Parrot and Killoh, 1384 "Tuclear "Diffusi “Shell forreembach et al., 20 "Mucleati "Diffusior “Shell formation™
Cran K 15 005 11 C35 K 15 0.05 11| Hwaluez may even higher
SRS M 0.7 3.3 M o7 L5l
ST & 137 i &2 2 1F
e Czs K 0.5 0.008 0.2 cas K 05 002 07 0.5
M 1 5 M 1 5 1
viadien Acrmini frot tostadfor I H 137 H 155 155 14
C34 K 1 004 1 C3a K 1 0.04 1 1
M 0.55 3.2 M 0.55 3.2 0.55
necessary adapt K.N and H values [ungroup rows) H FIz H 1& 13 rE
rsted. In case of errors please contact barbara.lothenl| C44F K 0.37 0.015 0.4 CdaF K 0.37 0.015 0.4 0.37
i4) Br Ceram Proc 35. 41-53 M 0.7 3T M o.r 37 0.7
thenbach et al (2008), Cem Concr Res 38, 1-18 H 13F H FX 3 165 1F
L. (2008) Cem Conr Res 38, 845-860
cations C35 15 C2Z5 1 C3A 15 C4AF e
nhydrated cement] 1.5 11 0.05 0.5 0.2 [IR1§] 1 1 0.04 0.37 0.4 0.02 not hydrated [gf100 g unh
0.7 3.3 1 9 0.85 3.2 0.7 3.7
C3A CAAF | oimes Seciion C35 C25 C:
drated cement] "Mucleatio "Shell fi "Diffuzin ra0s  degree "Mucle: "Shell far "Diffusin degree "Mucle "Shelll "Diffus degree  "Mucleati "Shell f "Diffusi degres [a100 g unhydrate
'4E-15  T.8E-15 i} 0 0 1E-15 1} 0 0 1E-15 a a 0 a 1} 1E-15 64.6 3.3
*4E-15  T.BE-15 | TE-DB | 0007 s E-15 b HEEEER HHEEE CE-1D | EBEREE| BEHE S HHEHE S JE-1S
L3E-06 1.4E-08 SO0 TE-D9 | 1E-O4 #Hhi d¥a¢ SREEEE 00007 S il SRS [ BREE| B B HHEHE G BRER T0 —
Lo0013 1.2E-06 a7 9E-D7 | 1E-Dd  ##did A4 SREREE NON0T SEEEE  Hibid BREEEE | REEE| HHE4 HHH OO0 | ## ks SREE
00035 GE-06 000 4E-06 | E-C Cas FHEE | BHEE HHEHE R BREE
00063 1.5E-05 0.00| S8E-D6 | E-C 1 FHEE | BHEH #E HHEHE R BREE B0
00036 2 7E-05 0.00[ 1E-05 | 2E-C HRHER | #H HHHE . BEEE
O35 4.3E-05 0.00[ ZE-D5 | ZE-( 094 FREE | BHEE HE HHEHE G BRER
1.00181 B.4E-05 0.00[ ZE-D5 | 2E-C 0.8 FEEE| #Hi# 0.1163 S#SEEE [0 HHaE 145347 88 50
00234 3E-05 0.00[ 2E-D5 | 2E-C 07 FEER| #8844 BREEE #0060 SREE
00253 0.00012 000 3E-D5 | ZE-C ] FREER| HEE #HEE FEREER HHEHE HEHEE BRER
00362 0.00016 0.00] 4E-D5 | 3E-C % 0.6 FEER| #4848 sa3d SEBEE || HHEHE G BREE A0
00433 0.0002 0.00[ 4E-05 | 3E-C & . FEEE| ### sk SRR [0 OUUD | #4404 #4es SE58 S
00527  0.00026 0000 SE-D5 | 3E-L = Y FRER| #HH #4 FREEE i 04315 SRS 2
00826 0.00032 0.00] 6E-05 | 3E-L & 0.4 4 FHER | #HEE #e FRREE HHEHE R BREE L a0
00737 0.00033 0.00[ FE-DS5 | 4E-C E HHER | # e BREEE HHHE . BEEE
00563 0.00048 0.00[ BE-DS | 4E-L 0.3 1 FREE| #Hi | #idd SRERE [D_ODDD | H##ie #iihs 2EE3
L1005 0.00058 0.00] 1E-D04 | SE-C 02 FREE| #4i4 #aed SRRRE [D_ODDD | #4884 #2588 20
101165 0.0007 0.0 0.0001 | 5E-C 01 FHEE| 84 #HE FERER HHHHE GG BRER
LON3dd 0.00054 BE-C ] FREER| HEE #HEE FEREER HHEHE HEHEE BRER
L0546 0.00033 1| GE-C 0 . . . . FEEE| #4484 #4348 SRR [0 000D |#HH#84 #He4s F538 10
L0772 0.00118 TE-L 0001 001 01 1 10 100 1000 FEEE] #### dhde BEEes [0 whHHE (2153 BERE T —p—
02026 0.00139 TE-C time (days) FEER| #### st $EEEE (D i S SREE
10231 0.00064 BE-L. o mamans & e asearasur s HREER| i fE FEREEE D i 01571 BEEE 0
L0263 0.00192 3 | OE-0d #eE 29 000161 #ddds BRERE 00100 SEEEEE | BREE| HHEE  dih BREEE |D.0000 | 01740 SEEE 0.01 0.1
102533 000225 TE-03 ##HbE #3 0.00212  #HiEE $EEEE 00102 $REEEE (BEEE| #H  #e BEREE (D 0000 |#H###4 01633 #2838

03392 000262 0.071( 0.0004 | 0,001 ###4# 3¢ 000245 #e SRR 0000 SEEEEE | BREE| #ia4 e 38388 (D 0000 #4444 07540 SRR
03842 0.00308 0.01[ D000 | D001 ##EH #33¢ 0.00289 #HHH HEEEE HHHE SRREREE [(FRER| 0001 #### SEEEE [0 DDOT |[##H#44 01450 EEEE

LE138T 643708 | 04,52 157325 0 01255 #EEE 0. 93112 i SREEE HHuas SRREES  HHEE BREE H43d BREEE (1 4CCF S88% (0417 EREE 4.4
JB2525  BASTIS | 121542 154212 0 01300 #88E 0.93253 04705 SRR HHHE BRREEE  HH BREE S FEEEE 04705 SRR HHEE BRER 4.4

3.4
X

oo

el

EMPAQ

Materials Science & Technolog y

Hydration modelling EXCEL + GEMS

1. Open project Parro

L \
{ﬁ Input Recipe of Single Thermodynamic System: Parrot:G:PC.0:0:1:20:0: l 2 &]
tname |Hydrati0n of limestone containing cement
Property Selection Recipe Input
[Composixa) : .
DComp (xd_) AI(OH)3 CaCo3 Property Mame | Quantity | Units
IComp (biJ) Al203 CaMg(CO3)2 11 |xa_ MgO 087 g
Phase (xp_) AI25i205(0HM  Ca0 2 | 02 g
Kin.lower (dIl_) Aqua Casod ]
Kin.upper (dul) C1247 Ca504 0.5H20 |3 |« =03 0.0001 g
GO shift (gEx_) C25 Casio3 14 | xd_ H20@ 40 g
Other Inputs C3A Fe203 5 |xd_ c25 93 g
s FeCO3 |
Can3s FeO 6 |xd oA 74 9
C4AF FeOOH 7 |xd s 646 g
CA FeS 8 |xd_ CAAF 78 g
Ch2 Gypsum |
CHa 2 9 |xd Cal 457 g
coz H2s 110 |xd_ Lim 0.89 g
Ca(OH)2 H2504 11 |xd_ Anh le-09 g
12 |xd_ Gp 3 g
4 ﬂ 13 |xd_ hemihydrate  |1e-09 g
14 |xd_ K20 0.05 g
15 |xd_ K2504 128 g
Input quantities of Compos(itions) contributing to B_ 116 |xd_ Ma20 031 g
vector 17 |xd_ Na2504 02 g
Learn more Print oK Cancel
GEMS-Workshop May




g tR@as ¥ V7 V=@

IParrot:G:PC:U:U:1:20:0:mass:5:

I Controls Sampling | Results I Config ||11¢f04.’2014r 1301

OPC with limestone
Parrot and EKilloh adapted according Lothenbach et al. 2008

iTm iv iP iTC iNwv iTau ip¥i iNu .
0 1000 5 I 20 o B 5 Reaction from Excel
1 1501 o 1 20 0 o o 500 . ' o'
2 1 0 0 o o 0 o 1 Time » Reacted
cTm 1148 4] 1 20 1] 1] 4] 148 (days) 1] C3S
$ Parrot and Killoh adapted (H set to 2, 1.55, 1.8 and 1.65), influence .. modC[0] modC[1] modC[
£Clinker phases from Bogue calculations (in case of Rietweld data correc.. 0 4.1666Te—011 6.46e—014
£ cement specific input; enter data as [g/100g] 1 0.001 6.462-014
Ssurface area (m2/kg) 2 0.0011 4.69473e-007
modC[0] [5] =: 413: g 0.0012 5.95605e-005
Sulz P 0.0013 0.000337479 0
modC[1] [5] =: 0.40;
£C35 (in @/100g) 5 0.001% 0.000851873
modC[2] (5] =: 64.64; Cement SpeCIfIC Input g 0.0016 0.001558878 0
$C25 (in g/100g) T 0.0018 0.00259140%9 1]
modC[3] [3] =: S9.28; 8 0.001% 0.003853374 1]
$C3A (in 9/1009) 0.0021 0.00541687 4]
modC[4] [3] =: T7.42; ° : .
SC4AF (in g/100g) 10 0.0024 0.007321916 Q
modC[5][5] =: T7.81:; 11 0.0028& 0.009615555 4]
§ calcite 12 0.0029 0.012353404 0
xd [{Cal}] =: 4.57: 0.0031 0.015600015 0
£ free lime 13 . .
xd [{Lim}] =: 0.89: 14 0.0035 0.019430078 0
§ gypsum 15 0.0038 0.023529757 1}
xd_[{Gp] =: 3: 16 0.0042 0.029198264 0
M vdzite 0.0046 0.0353496%9 4]
xd_[{Anh}] =: 0: Sl : :
¢ hemihydrate 18 0.0051 0.042515114 0
xd [{hemihydrate}] =: 0O: 18 0.005& 0.050845036 4]
2 Prrmanita ‘I

Architecture of GEMS file

m Input always in g/100g

EMPAQ

Materials Science & Technolog y

m The amount of clinker reacted copied from

EXCEL file

m Inputs needed in GEMS:
m surface area [m?%/kg]
m w/c

m C;S, C,S, C;A, C,AF (pure phases)

m Calcite, free lime, gypsum, anhydrite, hemihydrate,
periclase, Na,SO, and K,SO, (-> soluble alkalis)

m Na,0, K,0, MgO and SO in clinker (as g/g clinker)

optional

GEMS-Workshop May 2014, Diibendorf
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EMPAQ

Architecture of GEMS file

m Process: controls below input

m Ea (activation energy)

m Conversion of different input parameter
m Correction factors for minor elements in clinker

m Amount of input water

m Calculations of the dissolution of minor elements

m Alkali uptake by C-S-H

m Only valid at high C/S ratio

Do not change!

GEMS-Workshop May 2014, Dibendorf
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Alkali uptake

R — Coia -liquid  [ml].
‘ Cliquig *C —5—H [9]’

Cliquid = Ctot ~ Csolid 1

C _ Ctot
solid — ||C]U|d
_|_

I Rough estimate for OPC!!

Ry ~ 0.42 ml/g

cf. Hong, Glasser, CCR 29, 1893-1903
Lothenbach, Winnefeld CCR 36, 209-226

GEMS-Workshop May 2014, Dibendorf
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Other options:
Use of alkali-silicate endmembers
in the C-S-H solid solutions:

[(NaOH), s SiO,H,0O], ,
[(KOH), 5 SiO,H,0]j ,

Kulik et al. (2007) Geochim. Cosmochim.
Acta 71 (12, 1) A530.

Lothenbach et al. (2012) Cement and
Concrete Research, 42 (2), 410-423.

I does not work well at pH 11 or below

* Development of new CSH model
with alkali and aluminium and
anions ... for GEMS in progress
(output of sinergia project CASH)

* CSH models with sorption
(Nonat et al.)




EMPAQ

Materials Science & Technolog y

Architecture of GEMS file

m Process: sampling: definition of output
m X-axis: log (time)
m Mass in g/100 g of hydrated cement

m All data corrected from g/100 g unhydrated cement to g/100
g hydrated cement (corresponds to conditions of XRD, TGA
measurements); can easily be changed, but you will have to
convert XRD/TGA data

m Amount of clinkers (with impurities)

m Amount of hydrates (! Check single system file for the
presence of additional solids and include them in the list)

m Amount of pore solution (including dissolved species)

Check single system file for additional solids

GEMS-Workshop May 2014, Diibendorf 27

[vere | 999 14sffwexe | oz | offs [ s8flap [ 14g] EMPA°

[psTrey[Parrot:G:pCc:0:0:1:20:0: [ectm | 11 Materials Sclence & Technolog y
Ic'.l'au | 0" cpXi | 0|I cXi I 1|| clu
ETH oflcpe | oflckn | of|cr
£ Rhbscissa
Xp[J] =: lg(modC[J]1[0]1):
% Ordinates (in g/100 g unhydrated cement)
£ glinkers inlcude _also minor elemv‘ mOdC[24][5] > CorreCtion for
vp[J1[0] =:<{modC[2][5]-xd_[{C35L{ . B .
ve[J1[1] =: (modC([3](5]-%d_[{C25}]/mod : |mpur|t|es; =0.99 in our example
vp[J1[2] =: (modC[4][5]-xd_ [{can}]fmodclzsusn
vp[J1[3] =: (modC[S][S] xd_[{cml-“}];modt:[z?][s]]
vp[J1[4] =: x3 [{K20}]-xa_[{Na20}]:
21 (5) Cpmtt (pertiencitel phM[{Portlandite}] -> mass of
ye[J]1[7] =: phM[{syngenlte}-] POI’tlandite in g
yp[J]1[8] =: phM[{Calcite}]: | .
yp[J1[9] =: phM[{504 CO3 AFt}]+phM[{CO3 S04 AFt}]: : Sp_e”mg has to correspond exaCtly
vp[J1[10] =: phM[{504_OH AFm}]+phM[{OH 504 AFm}]1; to smgle component!
yp[J1[11] =: phM[{C4AcH11}]:
yp[J1[12] =: phM[{C4Ac0.5H12}];
yp[J][13] =: phM[{C2L5HS}]:
yp[J][14] =: phM[{C3AH6}];
ypl[Jd]l[15] =: phM[{OH-hydrotalcite}]:
vp[J]1[16] =: phM[{C3F50.84H4.32}];
<Zcorreccion to hydrf&?tli_@e
£ /(1+modCTITLI=] -D afq_gen}]/100) =1+0.4-mass H20 dissolved/100 _
% =mass hydrated cement (after removal of pore water) /(1+mOdC[1][5] phl\/l[{aq_gen}]/lOO)

=1+0.4-mass H,0O unreacted/100
= mass hydrated cement
(after removal of pore water)

For comparison with XRD/TGA
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EMPAQ
Different outputs possible

phM[{Portlandite}}/(1+modC[1][5]-phM[{aq_gen}]/100)
correction of the output /(1+0.4-mass H,O unreacted/100)
=>/ mass hydrated cement (after removal of pore water)

[
phM[{Portlandite}] => correct measurements to 100 dry weight
XRD
TGA
I water loss TGA
water bound water 30 to 650 °C
hydrate
clinker 2 100 g clinker 2 l
dry 110 g =100 % , real evolution“
clinker 1 cement clinker 1
Total solid £140 g
Unhydrated Hydrated Al
cement cement cement q
GEMS-Workshop May 2014, Diber uncorreCted CorreCte
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Architecture of GEMS file

m Process: Results: output
m X-axis: log (time)
m Y-axis Mass in g/100 g of hydrated cement

m Experimental data, same format as calculated data
m Number of data points can be adapted by ,Record:Remake*

m Data used to prepare graph, can be exported to
Excel or other softwares by copy/paste
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' [ + H @ $ [ ‘)( H 1’ . ,/ ;]-\-= “&f‘ a H g “Parrot:G:PC:U:U:1:20:0:mass:5: EMPA°
| L = Materials Science & Technolog y

Controls | Sampling | I Results Config | |11,.’04I2014, 1301 Unlt Of y'aX|S

oeC with limestope UNIT OT X-aXIS | [p¥ Nam|[pnm =
pX Mam|time o Rhlite < Eeict Ftuminate FETTITE y-aX|S Iabels
0 -10.380211 64.64 9.28 7.42 7.81
1 ——  g4.84 9.28 7.42 7.81
2 -2.9586073 64.64  9.2798TEY 99947 7.81
3 -2.9208187 64.63994 9.279610% 7.4198716 - 7.g0gvTEE— X-axis
4 -2.8860566 64.630663 9.2793857 7.4196528 7.809994 .
5 -2.8239087 64.639148 5.2791388 7.4193734 7.8099854 Time
6 -2.79588 64.638401 9.2788672 7.4130377 7.809973 (10X days)
7 -2.7447275 64.637409 9.2785684 7.4186438 7.8099566
8 -2.7212464 64.636147 9.2782399 7.4181878 7.8099358
9 -2.8777807 64.634583 9.2778786 7.4176638 7.8099101
10 -2.6197888 64.632678 9.2774812 7.4170651 7.8098788
11 -2.5850266 64.630384 9.2770441 7.4163837 7.8008411
12 -2.537602 64.627647 9.2765635 7.4156103 7.8097961
13 -2.5086383 64.6244 9.2760349 7.4147346 7.8097429
14 -2.455932 64.62057 9.2754537 7.4137448 7.80968
15 -2.4202164 64.61607 9.2748145 7.4126276 7.8096062 .
16 -2.3767507 64.610802 9.2741117 7.4113683 7.8095198 y-axis
17 -2.3372422 64.60465 9.2733388 7.40895 7.8094189
18 -2.2924298 64.597485 9.272489 7.4083542 7.8093015 (in g/100 g of
19 -2.251812 64.589155 9.2715547|  7.40656— 7.8091649 unhydrated
20 -2.2146702 64.57048@ ——9.2705275 7.4045438 7.8090064
21 -2.1739252 64.568285 9.2693982 7.4022797 7.8088227 cement
a3 -2.1307683 64.55532 92681567 7.3997383 7.8086102 as defined in
23 -2.091515 64.540333 9.2667919 7.3968869 7.8083644 page Samp“ng)
24 -2.0457575 64.523023 9.2652918 7.3936889 7.8080805
<
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Possibility to plot EMPAQ
H Materials Science & Technolog y
experimental data Experimental y-axis
Axis labels (in g/100 g of unhydrated cement)
p¥X Wam|l0"x cﬁlys Alite Belite Aluminate Ferrite CSHO Portlandite
0 }10.380211 64.64 9.28 7.42 7.81 2e-008 1.0099¢
1 \ -3 64.64 9.28 7.42 7.81 2e-008 1.0098¢
2 -.9586073 64.64 9.2798144 7.4199947 7.81| 2.0718013e-006 1.01007
3 -2\ 9208187 64.63994 9.2796103 7.4198716 7.8099988 0.0002868405 1.0101¢
4 -2 \2260566 64.639663 9.2793857 7.4196528 7.809994| 0.00079178425 1.0103¢
5 -2.8239087 64.630148 9.2791388 7.4193734 7.8099854 0.0015295741 1.01057
6 -2\ 79588 64.638401 9.2788672 7.4180377 7.809373 0.0024994355 1.0108¢
7 -2.7447275 64.637409 9.2785684 7.4186438 7.8099566 0.0037155196 1.0114¢
8 -2.7212464 64.636147 9.2782399 7.4181878 7.8099358 0.0052018728 1.01207
9 -2.67717807 64.634583 9.2778786 7.4176638 7.8099101 0.006930096 1.01287
10 -2.619%888 64.632678 9.2774812 7.4170651 7.8098788 0.0091759751 1.0137¢
11 -2.5850p66 64.630384 9.2770441 7.4163837 7.8098411 0.011707991 1.0147¢
12 -2.537402 64.627647 9.2765635 7.4156103 7.8097961 0.014682244 1.01607
13 -2.508638 -y norifficigi| X-ao iae0343 7.4147346 7.8097429 0.018160641 1.0175¢
14 -2.455932]. ©  £4.62057 9.2754537 7.4137448 7.80288 0.022214518 1.0193¢
15 —2.4z02164l HTTTC Bkl 44485 9,2748145 7.4126276 7.8096062 0.026925862 1.021¢
16 -2.3767507 64.610802 9.2741117 7.4113683 7.8095198 0.032388753 1.0238¢
17 -2.3372422 64.60465 9.2733388 7.40995 7.8094189 0.038711034 1.02671
18 -2.2924298 64.597485 9.272489 7.4083542 7.8093015 0.046016227 1.0300¢
19 -2.251812 64.589155 9.2715547 7.40658 7.8091649 0.054445755 1.03383
20 -2.2146702 64.579488 9.2705275 7.4045438 7.8090064 0.06416146 1.0382:
21 -2.1739252 64.568285 9.2693982 7.4022797 7.8088227 0.075348516 1.0433:
22 -2.1307683 64.55532 9.2681567 7.3997383 7.8086102 0.088218728 1.0492:
23 -2.091515 64.540333 9.2667919 7.3968869 7.8083644 0.10301433 1.0560%
24 -2.0457575 64.523023 9.2652918 7.3936889 7.8080805 0.1200123 1.06387
4
|
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OPC with limestone
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EMPAQS

Materials Science & Technolog y

Architecture of GEMS file

m Process: Config: single system files
‘ - + E - 7( H 1 o [ “& g ” a i|Parrot:G:Pc:o:o:1:zn:o:massz:s:

Controls | Sampling | Results || Config ||11;‘04;‘2014, 14:31 Names of the ,,parent file"

[opc witn 1imestone <« | in ,,Single-SyStem Equilibria“

[2[+ [+ ]-T+ [-[+]-1-Is [+ [-] |- = [ [= - 1= = [ =+ - 14

|wexi | o] 149| |werc [ 9999 ol ppimxy| 143]  128||pDimEg]

|PeDim| 129 | of 0 a

’U/Parrot:G:Pm'D}g:l:zc:OOO: =

1 ?&EEQ-I;—:—G—;—PEM:IQO:OOO:

2 |Parrot:G:PC:1002:0:1:20:000: Names of the . kid files*

3 Parrot:G:PC:1003:0:1:20:000: / . "

4 Parrot:G:PC:1004:0:1:20:000: prOduced

5 |Parrot:G:pc:i005:0:1:20:000: The results of each calculation
6 Parrot:G:PC:1006:0:1:20:000:

7 Parrot:G:PC:1007:0:1:20:000: Can be CheCked

8 Parrot:G:PC:1008:0:1:20:000:

k=] Parrot:G:PC:1002:0:1:20:000:

10 |Parrot:G:PC:1010:0:1:20:000:

11 |Parrot:G:PC:1011:0:1:20:000:

12 |Parrot:G:PC:1012:0:1:20:000: 34
1% IPAarrot:G:PC21013:0:1:220:2000:




— —
m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling EMPA°

GModules Record Window Help

'3 Q Igrprocess - Materials Science & Technolog y
(] 11}

A\ a [ Parrot: =5 5= = ===
@l. 2 |4|516| 7|8 q I Selektor Process Setup: Parrot:G:PC:0:0:1:20:0:mass 2:5:
Svsta  |1[pC o001 |20
20

,D‘ 2 PCloo 1

(=}
[

mass

mass2 |5 1 4 - Important data object dimensions

=

R e m ake o/ Spin boxes below define the dynamic memory configuration of the process simulator.

— Dimensions of sampled and experimental data

|149 E nPS - Number of steps (1 to 9999 ) to be performed in this simulation (default: 21); also length of

7 = MNumber of 'modC' array columns (1 to 40, 0 - not used) to store process control values; number o

Number of columns in the 'yp' table (0 to 200) to keep the simulated data sampled by the pgExpr ¢
Number of 1 =] poes.
H H =7 Mumber of columns in the 'xp' table (0 to 4) to keep the simulated data sampled by the pgExpr scr
experimental points__ il |+ = ¢
T <
|24 3 Number of rows in the xEp, yEp arrays for experimental data (optional)
L9 >| Number of columns in the XEp, yEp arrays for experimental data (optional)

Number of data/
categories _ _
Optional data vectors (of length nPS) can be used for accumulating current process control values for all steps

allocated using checkboxes below. The assignment operator (with 1 index) in the script will override any values
vector from the respective process iterator.

Allocation of optional data vectors

[~ CSD variant # ('vTm") ™ volume V, | ("wV") ™ Pressure P, bi
™ Temperature T (WT") ™ Constraints # ("vNV") ™ Process exter
™ Process extent pXi ('vpXi') [ Kinetic parameters ("vKin'") ™ Time Tau (W1
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OPC with limestone
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> » C-S-H+Ht+Mc+... |
; ; ; ; : CSHQ
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EMPAQ

Materials Science & Technolog y

Sampling of aqueous concentrations

m Controls (= input) identical
m Page sampling and results adapted

Controls | | sampling Results | Confia | [11/04/2014, 15:13

|werc [ 9999] 149| mexc | o[z | ofla | 14sffap | 143
|psTkey|Parrot:e:pC:0:0:1:20:0: [etm | 1148|[cov | 0|
|eTau | 0f[epxs | olffexs | 1l|ewa | 148]
lepr | ollcpe | olfczn | ofler | 293.15]
F Ebscissa

xp[J] =: lg(modC[J][2]):

$ Ordinates (in mmol/l 1 solution) transformation molal -> molar

yp[J1[0] =: lg(m_t{Al}*x[{H20@}]1*18.0153/phVol [{ag_gen}]*1000);

vp[J1[1] =: lg(m t[{C}]*x[{H20@}]*18.0153/phVol[{ag gen}]*1000);

vp[J1[2] =: lg(m_t[{Ca}]*x[{H20€}]%18.0153/phVol [{ag_gen}]*1000):

ve[J1[3] =: lgim t[{Fe}]*x[{H208}]*18.0153/phVol [{aq_gen}]*1000};

yp[J1[4] =: lg(m_t[{K}]*x[{H20@}]*18.0153/pnVol[{ag_gen}]#1000);

vp[J1[5] =: lg{m t[{Mg}]*x[{H20@}]*18.0153/phVol[{ag gen}]*1000};

vp[J1[6] =: lg(m_t[{Na}]#*x[{H20€}]*18.0153/phVol[{ag_gen}]*1000):

yp[J1[7] =: lgim t[{S}]*x[{H208}]*18.0153/phVol[{aq gen}]*1000);

yp[J1[8] =: lg(m_t[{5i}]1*x[{H20€}]%18.0153/phVol[{ag_gen}]*1000):

ve[J1[9] =: lg(my[{OH-}]*x[{H208}]*18.0153/phVol [{aq _gen}]*1000);

37
OPC with limestone
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Example

EMPAQ

Materials Science & Technolog y

m Calculate volumes of the hydrating cement

m Hint:
m Duplicate process «mass»
m Exchange phM by phVol

m use for clinkers: /mmDC[{C3S}]*vol[{C3S}]

,mmDC[{}]* Mass of component
,VOI[{}]“ Volume of component

GEMS-Workshop May 2014, Diibendorf
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EMPAQ

Contrals | | samping  Resuts |  config | [ogjpaja012, 11:02

[were [ ooss| 149([mexc | o||z | ol|a | 1eglfap | 128 peserels e fectnosy
| p5Tkey|FAR RIL:G:calcite:0:0:1:20:0: |[etm | 114

[cTaun | ol|epxs | oflcxs | =T

= e = .

£ Lbscissa
#p[J] =: lg(modC[J]1[01):

$ Ordinates (in cm3/100 g unhydrated cement)

f$clinkers inlcude alsc minor elements
vp[J][0] =:
yel[J1[1] =: (modC[3][5]-xd [{C25-beta}])/modC[25] [5]/mmDC[{C25-
beta}]*vol[{C25-betal}];

ypl[Jl[2] =:
vp[J] [3] (modC[5] [5]—xd_[{C4RF}-]]fmodC[2ﬂ]
[5]/mmDC[{C4AF}] *vol [{C4AF}]:

vp[J][4] =: phVol[{Tob jen ss}]:

ypl[J]l[5] =: (phVol[{ettringite-Al}]+phVol[{ettringite-Fe}]):
vp[J]l[6] =: phVol[{Portlandite}]:

ye[J] [71=: phVol[{Gypsum}];

vpl[J][8] =: phVol[{CalLcite}]:

yp[J1[8] =:

(phVol[{monosulphate}]+phVol [{OH_3504_ AFm}]+phVol [{504-0QH AFm}]);

ye[J]1[10] =: phVol[{Brucitel}]:
ypl[J][11] =: phVol[{CH-hydrotalcitel}]:
yvpl[J]1[12] =: phVol[{monocarbonate}]:
velJ]1[13] =: phVol[{ag gen}];

¢ End

(modC[2] [5]-%d [{C35}])/modC[24] [5]/MmDC[{C35}]*vol[{C35}];

Expressed as volumes

(modC[4] [5]-xd [{C3A}]) /modC[26] [5] /mmDC[{C3A} ] *vol[{C3A}];

GEMS-Workshop May 2014, Diibendorf
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rrot:G:PC:0:0:1: 20:0:vol:5:

|t X[ ¥ BN =[O

V

cm3/100 g

OPC with limestone

lLume chanaec
o W 3\/9

FTTICALRT

AT T 1

Hydration modelling

m Further possibilities

m Volume
m Porosity, chemical shrinkage

m Enthalpie -> calorimetry
(use hTP (enthalpy) * x (moles) = total heat)

m ...
m How can we define input?

m XRF + extended Bogue calculations
m XRD + XRF data for all minor elements
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Example: coupling XRD and enthalpy calcualtions

40 = Al content from XRD (+- 2 wi.%) [
32 354
é | =
T
o 304
= L
cC
8 .
3 254 =
@
£ ]
o
20 1 B
| e Heat flow of cement as measured
Heat flow calculated from alite dissolution
T T T T T T " I
0 5 10 15 20
Time (h)

ig. 2. Alite content during cement hydration determined by means of X-r
on, heat flow calculated from X-ray results and heat flow of the cement 1
tred with a heat flow calorimeter (XRD results from ref. [31]).

Janssen ea 2012, CCR 42
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Heat Flow (mW/g)

Measured and calculated heat flow for OPC; wic = 0.5, T=23°C

8| v Heat flow silicats reastan

®  Heat flow C34 dissolution

o Heatflow stringte precipllation solid line = measured heat flow

® el flow gypsum dissolulion

= Heat flow anhydrite disschtion

o HF total
6+ silicate reaction peak sulfate depletion peak

%o ag
%
44 e
"o
e
.,
%
24 004
Sy LT
- 005 5000 0e 4y o,

am ugimmw&mmmmmaﬁmmzﬁgo e Eﬂmmmmmmmzzzzzg:

0+ om 00 88 o s eff s ¢
¥ T T ¥ T
0 5 10 15 20
Time (h) Gypsum ard arfychile disschtion

g. 4. Comparison between calculated heat flow and measured heat flow.
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