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Modeling: Dissolution -

Empirical Approach: Parrot and Killoh (1984)

70
|
R, = ﬁ(l -a, )(— In(1- at))(l_Nl) 60
N,
ZKZX(I_at)2/3 o
1—(1—61,)1/3 %

R =Kyx(1-a, )"

R,

All parameters (K, N,) from 10i ferrite:C,AF
Parrot and Killoh (1984) ., = S

1 10 100 1000
time (days)

Cement specific input: surface area, w/c, composition
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Modeling: Dissolution
Empirical Approach: Parrot and Killoh (1984)
nucleation
R, :ﬁ(l —a, )(— In(1 —at))(lfN‘) alite belite  alum. ferrite
Ny K, 15 05 1.0 037
Kox(1—a P23 N, 07 10 085 07
F% diffusion k, 005 0006 004 0015
~(1-«, Ks 1.1 0.2 10 04
R =K;x(1-¢, )™ shell N, 3.3 5.0 3.2 3.7
H 133 133 133 133

degree of hydration
o = oy + AR,
(143.333-(H-V/, - o))

for o, > H-V/_.

Cement specific input:
surface area, w/c




Modeling: Dissolution
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707 Alite
{8
i PC
607 : . = XRD
50 ”nuc[eaﬁon“ PaITOt&KIHOh 1
S | y 09
= ] 08
g 407
g 30- 0.6 E
] 05 =
201 o4 §
] 0.3
10 - 0.2
E 0.1
0 T /I/'/ T T T 1 T T 0
XRD data fromo 0.01 0.1 1 10 100 1000
Gwenn Le Saout Hydration time (days)
-] Empa
Modeling: Dissolution
Empirical Approach: Parrot and Killoh adapted
Lothenbach et al. (2008) 38, 848-860
nucleation
R = ﬁ(l —a, )(— In(1 - ¢, ))(I*Nl) alite belite  alum. ferrite
Ny K, 15 05 1.0 037
Kox(l—g 23 N 0.7 1.0 085 0.7
R, =% diffusion k, 005 002 004 0015
1-(1-a,) Ks 1.1 0.7 10 04
R =K;x(1-¢, )™ shell N, 3.3 5.0 3.2 3.7
H 2.0 155 1.8 1.65

degree of hydration

o = oy + AR,
-(1+3.333-(H-/, - a))*
for o, > H-V/_.

Cement specific input:
surface area, w/c




@Empa

Modeling: Dissolution
707
{ B
] PC  PC4
60 1 m = XRD
501 Alite --—-- P&K adapted
° ]
= 407
(]
= 30-
207
101
0 T /I/'/ T T T T T 1
0 0.01 0.1 1 10 100 1000
| othenbach ea. 2008, ccR 38 Hydration time (days)
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Modeling: Dissolution

|_othenbach ea. 2008, CCR 38

] Belite
] PC PC4
0 4° = = XRD
© Ferrite .. N\ = |—— oo Modelling
g | m
8
‘f 6 J Aluminate
<
S
Q
= 4
2
o T AT R | T HERERR | T rorrTTTm
0 o0.01 0.1 1 10 100 1000

Hydration time (days)
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Thermodyn. calculations®™=...

Multi-component input Thermodynamic modeling
I Slowly soluble clinkers GEMS-PSI
Ca%
CaOH* Speciation in solution
Caso,°

Il Soluble solids

. Portlandite

C-S-H
L Ettringite
11l Water - AFm
Hydrotalcites, ...
9
Output data, Portlandite e
PC PC4
AV av XRD, TGA
— Thermodynamic modelling
254 Portlandite
20+
5
4+
fm 15 A
Q
= 104 Good agreement between XRD, TGA
and modelling
5 .
o 7
001 01 1 10 100 1000

Hydration time (days)

|_othenbach ea. 2008, CCR 38
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Output data, AFt, AFm phases

v XRD, TGA
] | Thermodynamic modelli
14 hermodynamic modelling " Monocarbonate
121 B
52 101 7
£ g ;" e es s Eftringite
.9 v/ @ A / A
§ 61 v/ / . Monocarbonate
4' v // // o )
v // / o
2- // [m]
O_:: 77777777777777777777 /
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

Lothenbach ea. 2008, CCR 38
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Conclusion
m Empirical approach of P&K (adapted)

Simple to use

Describes observed dissolution (> 1 day) in OPC well

Influencing parameters: surface area, w/c, temperature
Purely empirical, other models can be used
Other influences: pH, composition of pore solution, ... not included

@Empa

40
36 1
m Other models can be used
® Any (empirical) equation which
describes the reaction of solid
as a function of time

304

%F A reacted

10

25

204

151

5
De Weerdt ea (2011) CCR 41:
Reaction degree of fly ash

'

.- @
W 0OPC-FA
@ OPC-FA-L

8 fitting: y=-15+10"In(x+4.5)

80 120

time [days]

40 160
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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 _.-& i
= Other models can be used o Pl
m Any (empirical) equation which 2 ol _,x" oy
describes the reaction of solid 8 e
. . 2 20+ e ® OPC-FA-L
as a function of time N
104 1
" 8 fitting: y=-15+10"In(x+4.5)
De Weerdt ea (2011) CCR 41: 0‘
0

40 80 120 160

% FA reacted

Reaction degree of fly ash
time [days]
-] Empa
Alternative fits:
m four (4PL) five (5PL) parameter logistic fit
DoR= D+(A-D)/(1+(x/C)B) DoR= D+(A-D)/(1+(x/C)B)®
Symetric Assymetric, sometimes overfitting

% fly ash reacted = 39.9- 39.9/(1+(t/22.9)),

% fiy ash reacted = 39.4 - 39.4/(1+(t/25.7):7).

©FA measured

50 100 150 200
time [days] time [days]
A minimum
D maximum
(o} inflection point
B steepness of curve
G assymetry

14
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Modeling: Dissolution

K Y

R, = Fl (1-a Y- In(1—a,))™]
1 N

R =K2><(1—a,)2/3(rh—0.55 y

t,T 1_(1_at)1/3 \ 045
A rh—0.55)
-t
045 ) Influence of temperature

Arrhenius equation
Ea values: Lothenbach et al., 2008

Cement specific input: surface area [m2/kg], w/c, composition 15

@Empa

Modeling: Dissolution

K 4 E, 1 1
R — Lad Ly
o =N1(1_at)(_1n(l_at))(1Nl)(rh O.SSJ surfaceareae XTI,

1 0.45 385
K, x(1-a, )7 (rh=055) G
R, = 173 € ’
To1-(-e,) 0.45
4 E, 1 1
(rh—0.55)" G
RtT:K3X(1_ t)N( 0.45 j e

degree of hydration of each clinker phase
* initial o, = a; + AR,

® later, for a, (total) > H-w/c;
H-wic = critical degree of hydration

o, = o, + AtR,-(1+3.333-(H-w/c - a))*

Cement specific input: surface area [m2/kg], w/c, composition 16




P t and Killoh model as Excel fil i
B21 ¥ e =A21/24
% =+
A B G [¥] E F o & A4 AB AL AD AE AF AR
1 Madell Parrot and Killoh version 2014 £z
2 surface area 413 Cs 64.6
2 Reference area S C2s 9.3
4wz 0.4 c3a 7.4
] Temoeaae CaaF 7.8
E
7 | referencetemp rh 10 R P TVH 0 st o ]
8 &
3 HNotes
1| Enter your values in the "yellow® boxes; if necessary adapt KN and H values [ungroup raws)
11 This calculation tool is not throughfully tested. In case of errore please contact barbara.lothenbach@empa.ch
12 Original Model from Parrot and Killoh (1984) Br Ceram Proc 35, 41-53
13 Eaand from L et al [2008), Cem Concr Res 38, 1-18
14 Adapted KN and H from Lothenbach et al. [2008) Cem Conr Res 38, 848-860
15 If you use this model cite the above publications
B
b hydrated [g00g unhydrated cement] ot hydrated [g1100 g unhydrated cement] % hydrated {for each clinker] Total degn
) hydratio
B e fulaensi Cc3s c2s C3A CAAF c3s c2s C3A CAAF c3s c2s C3A C4AF
20 time (hours) [9/100g urhydrated cament] [H100 g unhydated cernent] 3£ per dlirker] el to total clinke
il 0.00 o R | BABE-M 9.28E-15 TAZE-S 7HE-15 646 93 74 78 000 0.00 000 0.00 0.00
22 0.02 B.46E-14 9.28E-15 TA4E-15 7HE-15 0.00
23 0.03 4B47E-07 0000437745 5.26529E-06  140004E-08 70 0.00
24 0.03 5.956E-05 0.001045236 0000128433  117193E-06 0.00
5 0.03 000033748 00064744 0000347214 5.97927E-06 0.00
i 0.04 000085167 0002309822 0.000626573  146015E-05 60 0.00
27 0.04 000159868 000303829 0.000962308  2.63992E-05 ~o—(38 0.00
28 0. “4, 000259141  0.003839751 000135615 4.3399°E-05 50 —=—C25 0.00
2 0.05 000385337 0004721173 0.00W812231  6.41972E-05 0.00
30 0.05 000541637 0005630644 0.002336789  8.99277E-05 C3A 0.00
il 0.06 000732192 0006756952 0.002934883  0.000121243 C4AF 0.00
32 0.06 000361556 0007929756 0.003616323  0.00075832 g 40 ‘ 28 days 0.00
33 0.07 00123534 00059219675 0.004389689 0000203863 2 0.00
34 0.08 0560002 O.01063839  0.005265393  0.000257143 ) \ 0.00
B 0.08 001943008 0012198738 0.006255218  0.000319984 30 0.00
3 0.09 002392976 0013974831 000737238 0.0003593788 0.00
7 0.10 002919826 0016802185  0.008631743  0.000480186 0.00
] on 003534969 001787785  0.010043394  0.000581051 20 \ 0.00
2 012 0.0425151 00200160571 007645789  0.000698532 0.00
40 0.13 0.05084504 0022670345  0.013440042 0.0008351 in 0.00 17
— =
Q@ Empa
A F & H J K L M N a] 2 o RS T
3 |Reference arsa N a7 33 N
4 iz C3a 3o 13z H
] Tampsatae C44F R, K 05 0008 02| s K
[ N 1 5 N
T |reference temp rh 10 IR ATV (1 s A ) o B H fEc H i
8 C3a K 1 004 1 C3a LS
4 Notes N 088 32 N 0f
10 | Enter your values in the "yellow" boxes: if necessary adapt K.N and H values (ungroup rows) H 13 H
11 | This calculation tool is not throughfully tested. In case of errors please contact barbara.lothenbachi@empa.ch |C44F K 037 0o 0.4 Cd4aF K 0f
12 Original Model from Parrot and Killoh (1984) Br Ceram Proc 35. 41-53 N 07 37 N
12 Ea and from L et al (2008), Cem Concr Res 38, 1-18 H e H I
14  Adapted K.N and H from Lothenbach et al. (2008) Cem Conr Res 38. 848-860
15 | If you use this model cite the above publications C3Is Fd C3a Ig
16
7 hydrated [g/100g unhydrated cement] 15 11 005 1 1 004
18 0.7 33 0.85 32
19 dime flaesf | C3S c2s C3A CA4AF e fLachion
20 time (hours) [9/100g unhydrated cement] "Mucleation ¢ "Shell fo 'Diffusio s degree "Mucleati "Shell forr "Diffusio degree "Muclea "Shel| fi"Diffusii degres
| oo 4 G7E-77 | BABE-14  9.28E-15 74E-B T8E-15 E-15 1) E-T
0.02 fdea g B4EE-14  8.28E-15 TAE-B 78E-15 0.001  #itH 1E-5 0.0007 i 00010 HHH#E  E-T
0.03 aan 4E3E-07 0.00049775 5.2653E-06 14E-08 0.0007 #44888 0077 7.27E-09 00001 #38884  0.00005 00001 #8888 0000
0.03 a& 596E-05 0.00M04524 0.00012844 11713E-06 0.0001 it 70307 Q 29F.07 nanm R0 0.0001 18.6018 0.0008
5 0.03 QT 0000337 000164744 0.00034721 5.9793E-06 5| nooc Cc3s 0.0001 0.8388 00001
| 0.04 aaus 0000852 0.00230982 0.00062857 14602E-05 0.000 1 00001 03413 0.0008
7 | 0.04 QT 0001599 0.00303833 0.00096231 26999E-05) 0.00C 0.0001 0.2080 0.000
| 0.04 amme 0002591 000333975 000133615 4.3338E-05 0.000 09 0.0002 01430 0.000
| 0.05 Qe 0003853 000472117 00091223 6.4197E-05 0.00C 08 00002 0.1163  0.000:
| 0.05 Fefooly 0005417 0.00563064 0.00233613 89928E-05 0.000 0.0002 0.0957 0.000:
31 | 0.06 G 0007322 0.00675695 0.00293488 0.00012124 oo 07 0.0002 00817 0.000:
32 | 0.06 Gar¥ | 0009616 0.00792975 0.00361632 0.00015892 0o 7 06 0.0002 00715 0.000:
33 | 0.07 G 0012353 000921968 0.00438963 0.00020367) | 4 oo B 0.0003 0.0638 0.000
34 | 0.08 Fercis 00156  0.0W083839 0.0052654 0.00025715 0.000 E 05 0.0003 0.0578 0.000
| 0.08 fecs 0.01943 0.01219874 0.00625522 0.00031998 0.000 ® 0.4 0.0003 0.0530 0.000:
| 0.09 a0 002333 001391483 000737238 0.00039379) 000 = 03 0.0003 00431 0.000:
| 0.10 T 0029198 001580218 0.00863175 0.00048019 0.000 00004 0.0458 0,007
| on AaHE 0.03535 001787785 0.0W004939 0.00058105 0.000 02 0.0004 0.0430 0.001%
39 | 0.12 amEl 0042515 002016057 001164579 0.00063853 0.000 0.0005 0.0407 0.007
| 0.13 Gam | 0050845 0.02267035 0.01344004  0.0008351 0.000 01 0.0005 0.0386 0.00
: | 0.15 0060512 002543161 001545615 0.00093359) 0.00C 0 T T T T T 0.0006 0.0368 0.0021
| 0.16 0071716 0.02846743 0.01772028 0.00117725 0.000 0.001 001 01 1 10 100 0.0006 0.0352 0.002:
: | 0.18 0.08468 003180574 0.02026771 0.00138983 0.000 time [uaysl 0.0007 0.0337 0.002
| 0.20 amwr 0.093667 0.03547656 0.023711314  0.00163553 AB0C: | Teias e % 0.0007 0.0324 0.003)
: | o021 GRRT 016377 003951285 00263114 000191945 0.00089 0.0790 0.00181 0.0006  0.0727 00008 00313 0.003
| 0.24 Qe 013695 0.04335084 0.02333656 0.00224705) 0.000%8 00740 ¥ 0.00212 0.0008  0.0128 0.0009 0.0302 0.0041
: 7| 0.26 Qe 0159977 004883028 003391501 0.00262484) 000108 00695 &£A&F 0.00248 0.0007  0.0724 00010 0.0292 0.004!
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Hydration modelling EXCEL + GEMS

1. Copy folder P_K into C:\Users\***\Library\Gems3\projects
2. Open GEMS and project P_K

Clinker phases incl. minor elements

Parent file as predefined compositions

[ Input Recipe of Single Thermodynamic Syster: Parrot | 1:20:0, . . 2 X
use for high C,AF, sulfate resistant cement
tname [PC
Property - Selection Recipe Input
f P N i Unit:
DComp (xd ) AIOH)3 [Fermters Js2sos i el clii] e
IComp (bi.) 1203 JE=Ty NaCH [ Alite 0 g
Phase (xp.) AIZSIZOS(OH)4 H2 02 =k
Kin.lower (dil) e a(OH)2 H2s pC 2 |xa |Aluminzte-c |5 g
Kin.upper (dul) Aluminatec  faCO3 H2504 s03 = . Aluminstes |5 4
0 shift (gEx) Aluminate-o  [aMg(CO3)2  K2C03 i e | |
Other Inputs Aphthitalite, a0 K20 4 |xa Aqua 50 g
2504 K2504 =
Belite 2504.05H20  KOH iadfca- Bele |1e 9
TTZ% asi03 Mg(CH)2 6 |xa_ CaC03 4 9
s Fe203 Mg3SiZ0S(0H)4 — 1 I
cA FeCO3 MgCo3 7 |xa Gypsum 4 g
c3s FeO MgO =i i
CaA3s FeOOH MgS04 |8 [xa_ K2504 og 9
CaAF 2 Na2CO3 zila Mg " 4
A [Ferite___Jve0 = i i
10 xa_ oz 1 g
All'inputing
Tnput quantities of Compos(itions) kontributing to B_ vector | (1100 g Cﬁment)
T additional phases aphthitalite and syngenite =
o : ; ; prnt | ox | _cance |
sometimes present in PC clinkers 19
@ Empa
ergy Minimization - [Process  Calculation finished OK (elapsed time: 14.1385).]
i 3 H @ #} K| %o ‘Eg I/_\f_ = ‘) [Parrot_k:G:parent:0:0: 1:20:0:PC_m:s:
Gk samping | Reaits | config | [oasj0zn, 13137
CEM I
iTm  |iv iP iTC [anv [iTau ipXi iNu |22 [ip= | Reaction from Excel
o 1000 [} 1 20 [ of o o 0 [
1 1148 1 20 [ 0 o 149 )
2 1 0 o o o o ;. Time Reacted
cTm 1148 o 1 20 1] ] 1] 148
. . . (days) — C,S
% General data modC (0] modC 1] [modciz) modC 31
s o1 =
w_taaa - 20 g Water per 100 g cement 15h1e L1
xa_[{02}] =: 0.1 0.001 le-015 1e-015
$ Fraction of 5CM added (0...1) = e ST ———— — =
1 ¢ . . L s 347011 = 7.26735e0 .36364e-005  7.08€0
modC[20] [6] =: O ( ¢I ])
$ fraction of PC in the blend (l._.lgllows blendlng WIth S(3 klneJ.tulﬂgg Ir‘g.mﬁggg T 5 '0.000112633 1.7309
l!.DdE[Zl] [6] =: 1-modC[20] [&]: 4 0.C 5.22414e-006 0.000177526 4.6794.
$ Dissolution of clinker phases 0. 1.31869e-005] 0.000248903 8.4443;
2o HATILER] ToACLI) LI TmoaCED EG] Amoc-Let] Eol 2 1] 0.00161051 2.47504e-005 0.000327413 0.000.
xa_[{Belite}] modC[J] [2] *modC[1] [6] *modC[21] [€]: M .
modC[J] [3] *modC[2] [6] *modC[21] [6] 7 7 0.001771561|  4.01147e-005|  0.000413766 a.00
= ~f modaC[J] [3] fmodC(3] [6] "modC[21] [€].2 8 0.001948717 5.96498e-005 0.000508747 0.000:
xa_[{Ferrite}] =: modC[J] [¢]*modC[4] [6]*modC[21] [6]: (=5 ]
£ MgO same ki tics as C4AF o 0.002143589 | 3854e-005] 0.000€13216 0.00¢
20 LHs XS moaC AL IR TmesC L BT RmosC 2 Ll 10 0.002357948 | 0.000113342 0.00072812 0.000
$ Dissolution of SCM (example: microsilica) 1 0.002593742|  0.000148845|  0.0008544%% 2.000
=20 113102155 nedCTaL 3] 100 ModC 201 L 8].e 12 0.002853117 0.000181228 0.000853458 0.000
$ Rapid soluble phases 13 0.003138428|  0.0002414%6 0.001146378 0.000
24 UGsA] =5 e io] el imie 2 I8 14 0.003¢52271 0.000300775 0.00131¢518 0.000:
xa_[{Ca(OH)2}] =: modC[6] [6]*modC[21] [6]; ]|
xa_[{Cas04}] modC[8] [6] *modC[21] [6]: 15 0.003797498 | 0.00037043 0.001499443 0.000
22 LiGas0s 1 mod (9] IR mORCEZ L 62 16 0.004177248 0.000451936 0.001702822 0.00L
Sy AR 101 A1 AmadC 211 LA] -
17 004594973 0.000547209 0.001926492 0.001.
18 0.00505447 0.000658129 0.002172475 0.00L.
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Cement composition

Reaction from Excel

Reaction degree

in modCJ[6]

C,;S C,S C:A C,AF SCM cement
MgO composition
modC[1] modC[2] modC[3] [modc4 [moacys) [moacrel -
1e-015 le-015 le-015 le-015 2.187272-009 64.6 c3s
1e-015 1e-015 1e-015 1e-015 0.000749251 9.3 c2s
7.2673%e-005|  5.36364e-005|  7.09608e-007|  1.75262e-00% 3.7 C3A cubic
$.21989e-007 0.000112633|  1.7309%e-005|  1.500852-007 3.7 C3A orthorhombic
5.224192-008 0.000177526|  4.679432-005|  7.65592e-007 0. 1.8 CAAF
1.31869-005 0.000248903|  ©£.44438c-005|  1.86959¢-006 0.000896923 0.5 ca0
2.475082-005 0.000327413 0.000129691 3.4572-006 0.001070689 0.4
4.01147e-005 0.000413766 0.00018277|  5.55673e-006 0.001148505 0.9 CaOH2
5.964982-005 0.000508747 0.000244236|  8.21987<-006 0.001234972 3.1 MgO
£.38542-005 0.000613216 0.00031485|  1.15124e-005 0.001326321 o gypsum
0.000113342 0.00072812 0.000335537|  1.55241e-005 0.001424414 [) hemihydrate
0.000148848 0.000854499 0.000487375|  2.03482e-005 0.001529747 1.2 anhydrite
0.000181228 0.000883489 0.000581602 2.61036e-005 0.001642852 0.z K2504
0.000241486 0.001146378 0.000709623 3.29256c-005 0.001764301 0 Na2S04
©.000300775 0.001314519 0.000843021 4.097112-008 0.00189 0 Aphthitalite
0.00037043 0.001455443 0.000983582  5.042052-005 0.00203472 4.6 Syngenite
0.000451986 0.001702822 0.001163308|  6.14835e-005 0.002185052 [} Calcite
0.000547208 0.0015264 0.001354447|  7.43983e-005 0.002346457 [) Dolomite
0.000658125 0.002172475 0.001569513|  8.94407=-005 0.002519744 o Quartz
9.000727075 0.002¢4299 0.001811326 0.000106927 0.002705782

@Empa

0w
D VJ Data adapted from

Lothenbach et al., 2008

OE{r)pa o
Architecture of GEMS file
m |nput always in g/100g
m The amount of clinker reacted copied from
EXCEL file s oo
m Inputs needed in GEMS: o e i
m w/c (as g water per 100 g cement) % erormeme .
m Cement composition Ca0 05
Ca(OH)2 0.4
MgO 0.9
gypsum 3.1
hemihydrate 0
anhydrite 0
K2S04 1.2
Na2S04 0.2
Aphthitalite 0
Syngenite 0
Calcite 4.6
Dolomite 0
Quartz 0 22

11
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Architecture of GEMS file

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

m All data per 100 g unhydrated cement
for comparison you will have to convert XRD/TGA data from
g/100g hydrated paste to g/100g unhydrated cement

® Amount of clinkers (with impurities)

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

m Volumes in cm3/100g unhydrated cement (conversion
needed for experimental data)

® Amount of pore solution (including dissolved species)

Check single system file for additional solids

23

@Empa

Different outputs possible

m Y-axis Mass in g/100 g of original cement
phM[{Portlandite}] => correct measurements to 100 dry weight

m Y-axis Mass in g/100 g of hydrated cement

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

XRD
TGA
I water loss TGA
409 109 —
b bound water 30 to 650 °C
linker 2
cliinkera | o g hydrate Il
dry 130 g =100 % ,, real evolution*
cement clinker 2
Total solid <140 g
Unhydrated Hydrated Hydrated
cement cement cement
uncorrected corrected

24

12



Different outputs possible

@ Empa

As the sample weight of the solid fraction of the sample is changing dur-
ing hydration (see Figure 4.16 in Chapter 4 about XRD), the results need

to be rescaled, to either paste or anhydrous,

XRD-Rietveld analysis.

¢ Per 100 g paste:

similarly as for the results of

Ca(OH), e = CalOH), pqgurea /(1= HyOpgng (1 + Wic)]

—_ (‘“()H )l.muwml
~ weight at 600°C(1+ wic)

e Per 100 g anhydrous:

('-:“(()H).!‘.irg - C"](()Hjl.nr.\-.umi"‘l - H.’_()lmumll -

(5.3)

Ca (()H )1,|m.h ured

weight at 600°C (5.4)

Lothenbach et al., Thermogravimetric analysis, in: Scrivener, Snellings, Lothenbach,
A Practical Guide to Microstructural Analysis of Cementitious Materials, CRC Press, 2016

25

rergy Minimization - [Process & Calculation finished OK (elapsed time: 14138 5]]

‘Empa 7

i @ X[ 3 7

1 H 9 ‘lPanoLK:GlDavant:D:D‘

controts | [ samping Resuts | confa | [o4moroz, 1337

were | sozs| 14s(wexc Qe B E 148 op 148]

[estres e stvmnicparensiorori aoros EEETE: B

[cTau o[ epxa offexs T 1[[ava 148

|cpH | chpe | a\|d:h u}|c1

[ 293.15]

xp[d] =: Llg(medClII[0]):

$ Inert phases (dolomite, quaztz)

YPIJI10] =: (modCI16] [6]1+modCI17][6]1) *modCI21] 1617

$ Clinker phases

YDIS1[1] =: modC[0][6]*modGI21] [6]1-xa_[{Alite}];

ypI[31[2] =: modC[1][6]*modC[21] [6]-xa_[{Belite}]:

ypI3][3] = (modC[2] [6]*modC[21] [6]-%a_[{Aluminate-c}])+(modC[3] [6]*modC[.
¥p[31[4] =i modC[4][6]1*modCI21] [6]1-xa_[{Ferrite}ls

YPIJ1[5] =: moAC[7] [6]*modC[21] [6]-xa_[{MgO}]:

$ SCM (example: silica fume)

yp[J][6] =: modC[20][6]*100-xXa_[{Si02}];

B[ Letiringitel lAoRMILS08 CO3 AFLLIORNIIC03 S04 AFt)];
hM[ {etctringite}]+phM[{504 CO3 AFt}]+phM[{CO3 504 AFTIT PR

hM[{C4AcH11}]7
ypI91113] PhM[{C3AHE}];
velZlile

phM[{CSHQ}] -> mass of CSHQ in g per
100 g unhyrated cement

! Spelling has to correspond exactly to
single component!

Al/Fe-ss of ettringite deactivated due to

e = stability issues

S 2R ——
<ypl.ﬂl151 =: phM[{C3(AF)SO.84H} | +phM[ {C3FS0.84H4.32} ] +phM[{C3FS1.34H3.32.
S p[I] (15 o;

Yp191 1TeT
| CE—
[proam [ineze [ess cas can [cen

Option to deactivate siliceous
hydrogarnet (deactivate also in parent
file)

26
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@ Empa

confg | [o403/2020, 13:37

Contros | Sarmping | [ mesas
[ceu T Unit of x-axis | e~
pX_Nam|1g t(d) inert c3s ces csa R~ 10 2] [2e v
o -10.380211 o 6.6 5.3 T.4 g 0.5
2 -2.9586073 0 64,6 5.2995012 7.3999947 7.8 T
3. -2.9172 %6~ o 64.59994 9.2989525 7.3998719 T.7999988 0.89999986
f ~2.8384293 o cisseiss]  TeEmressa 73883751 77995093 0.essssenz y-axis labels
7 -2.7516439 ] €4.597409 9.296152 7.3986475 T.T999567 .Bssssx a 's
8 -2.7102512 o €4.556147 9.2852687 7.38581927 7.7999358 0.8599926 = XI
s -2.6652585 ) 64.584533 5.2842571 7.3876701 7.7585102 o.zssszses [ [ NE@
= o ensowes  somesm|  rasewst]  mosen  oweee (10X days)
19 -2.2549317 o 64.549155 9.277%02+ 7.3865962 7.79916€ 0.89990377
21 -2.1721463 0 64.528285 9.2714712 7.3823275 7.7988243 0.89386438—— y-aXIS
2 o romesessss g g unreacted
2 20475833 o 64,4302 5260802 7 5737398 asoss|  s.sssess.  Clinker
: ;
(in g/100 g of
unhydrated
cement
as defined in
page sampling)
27
@Empa
Maturian; Science ana Techroiogy
CEM I [Legend| x# |Label Y
160, P T ot
AE
e o e
o o
o cur
140.04 0 Mo
[* |0 CSHQ
e o [pomensc
b 1o Javmse
CH D
o0 [opoemmars
o o o
e o [semopeme
[ |0 Fe(OH)3
s o Jigbum
o Jivoun
o Joucee
e |0 hydrotalcite
o e
o poesa
e Ton [pms
e o [pas
0.50
Ig t(d)
Fragment Customize Print Save Image Close Help
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@Empa

Architecture of GEMS file

m Process: Config: single system files

iy Minimization - [Process : Definition of a Process Simulator (batch calculation)]

] +H<’f‘q}> K||L® [ aé m/_,_n‘ o [Partot_KiGiparent00: 200 RC VoIS +— Name Of the parent file“
”»

_conwrss | sonpig | newte |[Tony  [oanspon i in ,,Single-System Equilibria“
[t

FFFFFEFEE SF R FEEEE R

[mex [ of ass][wers [ soss[ sss[poumer] 1ss] as][oinee]

[pevima] 2ss] 7] o o o

0 |Pazrot XiGiparen 00 -
<; arrot_K:G:parent 00K
axzot_H:G: Names of the ,kid files*
produced:
The results of each calculation

can be checked

Elelo|a]a|a]o]s]e]n
kle
v e e

e e
|

Parrot K:G:iparent:1014:0

29

‘Ewpa
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

30




Remake -

Number of
experimental points

Number of data
categories

les| Record Window Help

Comparison with experimental data WEm:

T

ol of & o

0 GEM-Selektor Process Setup: hydratio:G:PC:0:0:1:20:0:mass2:S:

Step 4 - Important data object dimensions

Spin boxes below define the dynamic memory cenfiguration of the proc

-Dimensions of sampled and experimental data

149 3: nPS - Number of steps (1 to 9999 ) to be performed in this sil

Number of 'modC' array columns (1 to 40, 0 - not used) to st
nPS.

Number of columns in the 'yp' table (0 to 200) to keep the sil
of rows will be nPS.

Number of columns in the 'xp' table (0 to 4) to keep the simy
rows will be nPS.

Number of rows in the XEp, yEp arrays for experimental data

N

Number of columns in the xEp, yEp arrays for experimental d

| Process

20 O

Mass_corr

Optional data vectors (of length nPS) can be used for accumulating cun
They can be allocated using checkboxes below. The assignment operat
automatically copied into data vector from the respective process iterat

- Allocation of optional data vectors

[~ CSD variant # ('vTm') [~ Volume V, | (W)

[~ Temperature T ('vT") [ Constraints # ('vNV')

[~ Process extent pXi ('vpXi') [~ Kinetic parameters ('vKin'
Learn more!

Comparison with experimental data

PC

U«

PC4

av av Portlandite (XRD, TGA) a
A

0.01

Fig. 11. Amounts of portlandite deduced by XRD/Rietveld analysis and
thermal analysis as a function of hydration time. Lines refer to the results of

0.1

Hydration time (days)

thermodynamic modelling.

T

10 100 1000

Lothenbach et al., 2008
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Comparison with experimental data WEm:

PC PC4
av av  Euringite (XRD, TGA)
149 = Monosulfate (XRD)
o Monocarbonate (XRD) e Mo
127 s aiiua Modelling Monosulfate
L 104
® = N KB 6 Ettringite
£ 87 A a\/s a
3 (21
E” é A\M s a L Aa
= 67 v, ‘ o
v 4 i
. ’
4 o ; i
24 ! 2 :
« t o m Ettringite
0 - ==
T T T T 1
0.01 0.1 1 10 100 1000

Hydration time (days)

Fig. 12. Amounts of hydrated crystalline products deduced by XRD/ Rietveld
analysis as a function of hydration time. Lines refer to the results of thermo-
dynamic modelling.

Lothenbach et al., 2008

33

Comparison with experimental data Weaps

PC  PC4
707 o Amorphous+AFm (XRD)
-=-==- Modelling

C-S-H
- +
" AFm

= C-S-H ﬁ

Weight %

T

0.01 0.1 1 10 100 1000
Hydration time (days)

Fig. 13. Amounts of amorphous hydrated products deduced by XRD/ Rietveld

analysis as a function of hydration time. Lines refer to the results of thermo-
dynamic modelling.

Lothenbach et al., 2008
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@ Empa

Sampling of aqueous concentrations

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

Controls || Sampling Rests | confic | [o4f0s/2020, 13:37

|NeIt I QQQQ‘ leg‘lNex\: | CIHI | OHJ I l‘is‘lJp | 148‘

|ps-fkey|1=x_alt.em:G:parent:c:o:l:zo:c: ‘l Tm | 11‘15“ NV | c|
|

EXN of[epxs | offexs | A me|

[cez | of[cpe | offcen | offer | 293.15|

#p[J] =: 1g(medC[J1[0]):
5
$

$ Concentration (in mmol/l 1 solution)
$ re-calculation from molal (mol/kg H20) —> molar (mol/l solution)

ypII1[0] lg(m t{Al}*x[{H20@}]*18.0153/phVol[{ag_gen}]*1000):
vpIJ1111 lg(m Ti{C}] *x[{H20@}]*18.0153/phVol[{aq_gen}]*1000);
¥plI1[2] lg(m t[{Ca}]*x[{H20@}]*18.0153/phVol[{aq_gen}]*1000);
¥p[d1[31 lg(m_t[{Fe}]*x[{H20@}]*18.0153/phVol[{aq_gen}]*1000) ;
ypIT1[4] lg(m T[{K}]*x[{H20@}]*18.0153/phVol[{ag_gen}]*1000);
vpIJ1151 lg(m c{Mg}]*x[{H20@}]1*1%.0153/phVoll{ag _gen}]*1000) :
¥yplJ1[6] lg(m_t[{Na}]*x[{H20@}]*18.0153/phVol[{aq_gen}]*1000) ;
¥yp[d1[7] lg(m_t[{S}]*x[{H20@}]*18.0153/phVol[{aq_gen}]*1000);
yPII1[8] 1g(m t[{Si}]*x[{H20@}]*18.0153/phVol[{ag_gen}]*1000):

¥pIJI[9] =: lg(my[{OH-}]*x[{H208}]*18.0153/phVol[{ag gen}]*1000):

35
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CEM 1 Legend| x# |Label Y.
ey - 0 Al
e
% -4 ® o B
S
R
- 0 S
\ - 0 Si
" A - 0 OH-
\ Teeeeser e O
g »
O
33 * \ * o
1. * \
% \ ok
- o [ |
g Ca \S * R
°
£
é *
=2 *
0.22- % - .
0.33 c
¥ *»
* % * +
t 3
-0.89 *
k3 .
Si
A - 5 Al
i |
-2.00
- - ke g L2 217 3o SSemisisnang
107x days Eony=s

Fragment | _Customze print | saveimage|  cose Help
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@ Empa

cance ang Techeiogy

Excercise

m Calculate volumes of the hydrating cement

m Hint:

m Duplicate process «mass»

m Exchange phM by phVol

m Use density to calculate volume of unreacted clinker:
yp[J][1] =: (modC[0][6]*modC[21][6]-xa_[{Alite}])/3.15;

yp[J][2] =: (modC[1][6]*modC[21][6]-xa_[{Belite}])/3.30;
yp[J][3] =:(modC[2][6]*modC[21][6]-xa_[{Aluminate-

c}])/3.064+(modC[3][6]*modC[21][6]-xa_[{Aluminate-0}])/3.052;

yp[J][4] =: (MmodC[4][6]*modC[21][6]-xa_[{Ferrite}])/3.57;
yp[JII5] =: (ModC[7][6]*modC[21][6]-xa_[{MgO}])/3.58;

37

Volume in cm3/100 g unreacted cement

CEMI
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Fragment | customee | Pt | saveimage|  cose Heb
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