EMPAG)

Empa GEMS workshop 2014 %

1.2 Tutorial 2

Single system - Hydration of OPC
F. Winnefeld, T. Matschei, B. Lothenbach

GEMS V.3.2 2482.930, CEMDATA14 (version April 14, 2014)

GEMS workshop, Diibendorf, May 7-8, 2014

Tutorial 2 - OPC hydration

EMPA)

Hydration of a model cement composition

= The example will show the principle possibility to
apply GEMS to simulate cement hydration.

= A simplified cement composition is used and 100%
hydration assumed (other assumptions are possible).

= The impact of limestone on the predicted phase
assemblage will be shown.
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Hydration of OPC - project setup

[ Modelling Projects )

GEM-Selektor modelling projects: Select one to open, or click 'New Project...’ to create I
AluSiOMSA MUSICAluminaSilics
AragCale RAragonite-Calcoite
Ca-5r-CO3 Solid scluvions
CalebDolo GEMSSK-test—example
Raclinite Test-JNC
Xinetics Mineral-Ag-Resctions
Kyanite MylstProject
Solvus test project solvus
TestPNTDE Test-PSI-Nagra-TDE-07-12
TestPR test project PRSV fluid
TestSUP9S Test-SUPCRT9S-linked

¥ Retain setup of aqueous (and gasifluid) phases I Activate Project Remake wizard

I~ Change file configuration of the selected project - Re-calculate and save all equilibria (SysEq) using: —
I s T [ A1A mode (smplex) | Smart 1A mode (S1A)
~Make a new project:

& by copying records fram default database T by linking files from the default database

: R e Sl ]
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Hydration of OPC - project setup

m Project: Enter a new record key, please M

| Tutorial_2:0PC:

|Tut0ria|_2 Mame of the modeling project

| OPC Comment to the project definition

Ok Reset From List | Help Cancel

he I
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Hydration of OPC - project setup

EMPAQ
Select CEMDATA14 (3" party data base)
2
_
:
'
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Hydration of OPC - project setup
EMPAQ

Modified project setup including elements necessary to model cement hydration
(as we use a model cement we neglect Na, K, Mg and Fe for the moment)

Jreactive N”
(don't use here)

Air: O,, N,, etc.
(no reducing
conditions, N, not
reactive)

WWWWTW.

we can also use
just oxygen (O,)

|

e LLL

I
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Hydration of OPC - project setup

EMPAG)
Select model for calculation of the aqueous phase

[l setup of aqueous and gas phases in project: Tutorial 2 (9] = ]
Select Aqueous Electrolyte Model | Select Gas/Fluid Mixture Model | 2
" Jon-association (1A) with Davies equation, D (default) Parameters for
the agueous phase model
1. | ® 1A with extended Debye-Hueckel equation (Helgeson), common b_gamma and a0, H —_—
1A with extended Debye-Hueckel equation (Shvarov), common b_gamma and a0, Y b_gamma(1,298) value;
1A with extended Debye-Hueckel equation (Karpov), common b_gamma, individual a0, 3 [oa23 =l
1A with Debye-Hueckel equation, no b_gamma, individual a0, 2 b_gamma(RT) mode
1A with Debye-Huecke! limiting law {very low icnic strength), 1 | KoH |
T Do not generate; select a user-defined Fhase record from database { Q, 5, Z ), U S
™ Do not include aqueous electrolyte phase into the system definition, N 367 Ei
: Gamma (neutral species)
PR o Wy |a AOELEX aq-pen o R ICaicui’afte as b_gamma™Is _:j
Gamma (water solvent)
ime osmotic coefficient j
Maolality conversion
IApplie-d to all species :_'j
4, ok || cancel 3. Check | Learn more |
L J
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Hydration of OPC - project setup

EMPA)

Mame of the modeling project
IG Thermodynamic potential to minimize {G GV}
Mame of the chemical system definition {CSD)

CSD (recipe]} variant number <integer>
|t} Yolume of the system, dm3 (0 if no volume constraint)

11 Pressure, bar, or 0 for Psat{H20)g
[25 Temperature, C (>=10) We leave temperature at 25°C

IG Yariant number for additional constraints

ok I Reset | From List | Help

Press OK again to leave the recipe wizard.
prnt [| ok || cancat |  We will use it later, but first some more
explanations and definitions are needed.
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Hydration of OPC - system creation

z Tuloral ZHREERRY

Input; System Defirition |

Results: Equilbrium State |

;;ul&_\ge_smm—g i | +H¢ & '?( ¥ _'_ E '/ WE}L_ = 9 [Futorid_z:Gimod_cem:0:0: :25:0:

ag_gen
gas_gen
CEHG

504_OH AFm
Oli_S04_AFm
504_C03_AFc
CO3_504 AFc
A1 (CH)3mic
Gibbaice
Kaolinite
Graphite
Belice
Rluminate
Alice
C2AH7S
C3RHE
C4AH13
CaH1D
C4AsH12
C2AsHS
C4Ac0.5H12
C4AcHI1
eccringice
Aragonite
Calecite
lime
Porclandice
Anhydrice
Gypsum
hemihydrate
thaumasite
Sulphur
Quartz

S

- Silica-amorph

“ o}

S R g Ra R B3RS s O G
D R A
r:jwﬂ\ﬂﬂlﬂ\ﬂlﬂlﬂﬂlﬂlﬂﬂ

all main c
included

mef
th

L S S S Sy Sy
I I I T T R T T T R P TR R T TR TR

O Erl
aﬂnnﬂnnnnnnnnnnﬂﬂlﬂﬂlw

G G G G G G G G G G G G G G G G € e e O €4 G4 GG G G GGG
SEsdd e s sdssessseo o WMo essessassdE S

©n/off |UC |Add to BC|UG |GO corr.

UX |Lower KC |Upper XC |RC t

System file is now created

The next step is to

formulate the

experiment we wa
simulate

Systen: T= 20815K; P

= 100 bar; V= 0L Aqueous: built-in EDH{H); pH = 0.000; pe= 0000; IS= 0.000 m

| PhDCC [0,0] : DC classes of species included into this phase {STWOIMIXY....}

Hydration of OPC - system creation

iR

B, [oora_zemms;

Tnput: System Defirition | Resuits: Equilbrim State |

» j mm— -On/eff switch-forphases @1V = in theilrst calculation we switc
carbonate-sulfate AFt solid sol

nt to
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FhRne) e sled |2 | [on/ozz [99) [ puts systemefiiton | Resuts: squiibrium state |
B ag_gen 37 a + g
E ggs_gen i e §i g Phase/species lL irype |0nfof£ |UC |Bﬂd to ClUG
- CBHQ = -+ g —
& 504_CH AFm 2 s + a *- ag_gen 3T = # [+ 1] g
i+ 7 a 4 g 4 gas_gen 5 o + a 1] d
- 504_CO3_AFT 2 s + a 4 CSHR g = + g O J
tricarboalu 7 + H +- 504 OH AFm = 3 = + o o J
SLkkingite M + M s 08 =04 AFm = = o = F
L 2 e X g 5. 504_CO3_AF: 2 s = / o a
ricarboslu ; =
ettringite ] 4 M i tricarboalu J - M 0 &
—— 1 & P T ettringite M - N o d
Gibbaite 1 = + o Ci CO3_S04 AFx z = = a o I
Kaolinite 1 5 + g tricarboala M = M 1] J
Graphite 1 3 + o erttringite a - b | o d
SRR > i o I g T AL (0N SHAC : S 2 T 0 o
. . s ¥ g 4 Gibbsite ST | + g 0O J
2 AFt solid solutions L2+ ¢ | 4§ keolinice S iR :
containing i & 2 % Grephise TR a @ &
13 1 s + 1 4 Belite e & = #+ a o d
sulfate+carbonate ; R g 4 Aluminaze 1 s + a2 o 3
T H12 1 = & g #-- Alice = & = #+ a o J
| £~ C2RSHE 1 s * q «- C2RHTS i m + g O J
B C4AcD . 5H12 1 & ¥ g 3 C3AHE 1 =4 e g o F
SO,-AFt il 4 & 5 g 4 C4AH13 i & g O 3
4 s 4 v |;
. .. TEOnITE 1 & P o +-- CAH10 = & = 4+ o o J
ideal composition Calcite i os g | ® censmiz im0 # g o g
lime 1 E} + g + - C2ASHE 1 ] & g 1] J
I Puztlancut 1 & + g #-- C2AcO.5H12 = & = #+ a o J
1 s ¥ g 4 C4AcHI1l = & = . g o J
i 1 4 - T T
Number of compon*eﬁts - ¢ | @ escringice P o * a o a
+-- Aragonite E 5 = 4+ a 1] d
1: pure phase —— | ® Colcize I g o a
. . System: T= 298.15K; P= 100 bar; V= 0 L; Aqueous: built-in EDH{H); #- 1ime = & = + a a J
2. SO|Id SO|UtI0nS 4 Portlandice 1 =] + a o J
- +-- Anhydrite = 5 = + g o d
[+ Gypsum 1 = + -1 o J
b |
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Hydration of OPC - system creation

EMPAG)
C-S-H is modeled as a solid solution of 4 different species:
Input: System Definition ] Results: Equilibrium State ]
Phase/species |L |Ty‘pe |On,.l’c|ff |UC |hdd to BC|UG |G0 COorr. |U'K |Lower_KC Upper_EC EC*|
+-- ag_gen 37 a + o o} J 4]
+-- gAas_gen 5 o + o a J 1]
- CSHQ 4 = + g 0 J 0
CSE—I—{enTJ I + M 0 \z g E g ie+ggg 2
CSH-TobD = [(Ca0); 25:(Si0,)1(H,0),7510 6667
For more detailed information see: Kulik D.A., Cem. Concr. Res. 41 (2011), 477.
GEMS workshop, Diibendorf, May 7-8, 2014 11
Hydration of OPC - system creation
EMPA)
Experimental problem part 1:
(o)
Ca0  70.6 wt-% C;S 8137 wt-%
H (o)
SI0; 220 wt-% C,S 170 wt-%
(0]
ALO; 45wt-%  Samm=p CA 1193 wt-%
O,
SO; 29 wt-% CaSO, 5.00 wt.-%

w/c 0.50
Assumption: 100% hydration
React 100 g of the model cement with 50 g water (add 1 g O,)

> Equilibrium speciation

GEMS workshop, Diibendorf, May 7-8, 2014 12



Hydration of OPC - system creation

Experimental conditions: React 100 g OPC with 50 g water (add 1 g O,) i
Use recipe wizard [ ¥l Gu s %] "\/ ViE Ve @
Enter phase composition @
rm Input Recips of Single Thermodynamic System: Tutonal_2Gimed cem:0:0:1:250: ? EI)
tname |Tutorial 2 - OFC without additions
Property Selection Recipe Input
Em‘:&f’j AROFS = Property Mame Quantity Units
1Comp (bi ) ARZO3 HZ5 1jxa_ 02 1 |9
Phase {xp_) iESQOS(OH}‘ gﬁsm 2|xa_ Aqua 50 g
Kinlower {dll_) qua 3 ﬂ = C3S .él.i? g
in. er (dul 25 03 = 1 I 1=
s (g(EjJU A 5i02 il [cs 27 s
Other Inputs 38 5{xa_ | C3A _11.93 g
E$ bjsi. (a0 L] 9
CaloH)2
CaCO3
Cal
CaSQsl .
Afternatively you could enter the
oxide composition
Input quantities of Compos(itions) contributing to B_
vector
Learn mnne’ Prinl 0K Cancel
GEMS workshop, Diibendorf, May 7-8, 2014 13
Hydration of OPC - system creation

Experimental conditions: React 100 g OPC with 50 g water (add 1 g O,)

Check system definition i *kd @ %] ¥ . E@ NG

g

We exclude carbonate in
this example

- ~
B Tutorial_2:Gimad _cemi0:0:1:25:0: P =
Missing ICs CONFLICT WARNING! EXCLLDE ALL
Maole amounts of some Independent Components {TC)
™ are missing in the calculsted bulk composition vechor
C m_[l'} <Pa_DE)! RETAIN ALL
FOSSIBLE ACTIONS:

* EXCLUDE ALL these ICs tbogether with DCs that
contain them and some Phases made of those DCs;

*RETAIN ALL missing ICs by inserting & default
mole amount (below} into bi_ vector cefls;

= CHECK some boxes to keep these ICs in the
system by inserting a default mole amount into bi_;
unchecked ICs will be turned off together with all
DCs that contain them,

Default amount, mol feditable): | 12-09

Learnrmre...l
_ e |

8
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Hydration of OPC - calculation of equilibrium

. — . EMPAQ
Experimental conditions: React 100 g OPC with 50 g water (add 1 g O,)

- D |:> 8 Converged at DK=1e-06 ? PG

GEM IPM calculation (run time: 0.016 s).

L R

System:
g a S |TutoriaI_Z:G:mod_cem:U:U:l:ES:U: X
\5> 12.6 g pore solution
|iquid /a’ Iter 1: 3 9
Gaseous 0.999479
Aqueous 12.6029/
Liquid ]

137.4 g solid

Solid 137.398 ]
"L cement paste

pH 1 2.4]"'&6\§

solid

pe 8.20068
IS 0.0527166 [ pH = 12.48 ]

< o |

L 4
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<

Hydration of OPC - results

EMPA)
Predicted stable phase assemblage

Input: SystemDefirition  Results: Equilbrium State |

Phase/species |I_ |Il}ur|cunc (mal) |lngSIK.\cciv1cy JCcncencIacicn |Accivicy coeff. |
ftl-| ag_gen 31 = 0.69920713 =T7.238e-10
fo.o_gss gen 3 g 0.03153a=7% 4.938=-12 _ _ < .
= -3 [CSHQ 4 = 0.48097203 1.812e-09 CSH-JenD = (Cao)l.S (S|02)0.6667 (HZO)Z.S
C5H-JenD I 0.19637065 0.408482 0.40848155 1 - = (S .
CSH—:‘-enl—! 1 0.13034662 0.271003 0.27100327 1 CSH-JenH (Cao)1~333 (SI.OZ)]- (H20)2-1667
g::—zwn L o.1a771822 9.307118 0.30711441 1 CSH-TobD = [(Cao)l.ZS'(SIOZ)l'(HZO)2.7S]O.6667
H-Tobi 1 0.0063454757 0.0134008 0.013400776 1 .
== S04 OH AFm 2 s 0.044152586 4.151e-09 CSH-TobH = (Ca0)0_6667‘(Sloz)l‘(Hzo)lls
C4AH13 J 0.0074Z66998 0.109027 0.16820532 0.64818033
monosulphate M 0.036725286 0.709781 0.83179468 0.85331218 o .
T s 0N 503 ifm TS 3.503028=-007  5.151=—08 C-S-H solid solution
+ -3  Al{DH)3mic 1 =0 -1.91
¥-3 Gibbsite 1 s0o -1.457 1.63 CaO - SiOz -2.88 HZO
+ = Haolinite 1 =0 -1z.41
- Belite 1 =20 =1.T54
-3 Aluminate s ¥ s 0 3577
+-=  RAlice 1 =0 -13.789
+--3 C2AHTS i =0 ~1.762
w3 CIAHG 1 s0o “o.7618 SO4'AFm solid solution
+--3  CHAN13 1 =0 -0.%625
+--3 CAH10 i =0 -2.762
+--=  CaAsH1Z 1 =0 -0D.1489
%3 C2ASHE 1 so -0.4583 0.83 mol-% SO4'AFm
+ -3 sttringite 1 s 0 =1.805
- lime 1 s 0 -8.776 0.17 m0|-% OH'AFm
TIE ] Fortlandice s K = 0.4B533506 =L.575e-08
+ -3 Anhydrite 1 s 0 —4.289
Tl ] Gypsum s | =0 -4.066
+ -3 hemihydrate 1 =0 ~5.055 => Ca AI (OH) (So ) -GH o
-3 Sulphur a = 0 =120.3 4 2 1234 4 083 2
Tl ] Quartz s | =0 -5.041
i} Silica-amorph 1 =0 =6.073

System: T= 20815K; P= 1.00bar; V= 084351 Aquecus built-in EDH(H); pH = 12477, pe= 8300; [5= 0052 m

GEMS workshop, Diibendorf, May 7-8, 2014 16



Hydration of OPC - results

—— EMPA°
Assessment of calculations jw +dem % ¥ 0 v (Bl =@

oy I e [MCS-H=7441g ] [ 60g
pore sol. — .

Predicted

Tucorial 2 - OPC withoyt addicions
hase assemblage fofal amount Qe o
P g [mol] [em?] [g]
. PHnam Ll |Xa Vol
(hydr Cement paSte)‘ e a &g_gen | 3 I | |Dh 12,67 12.6»02856I
Zg gas_gen | 3 pore sol. =12.62 cm3 E: | 774,30350\  0.99847852)
2 |a csEp 03| 33.130544 74.412635
. 5 |2 504 on amm : 13,384168) 27.025028
u C'S'H (SOI|d Z = OH 304 AFm ‘ vC = 33.13 cm3 700010800812 0.0/A02180877
. 5 |s S04 cos nF: 2
SOIUtIOﬂ) s_|= c03 504 AFc '
. T B A_ltOH)iilua
= SO,-AFm (solid o o oibboise ¥ P
solution) 9_ El Kaolinice SO4-AFm. — © cm 261 | ;
10 |a Belite I o] —1.7543898 | 0 0
. 11 |3 Aluminacte 1 ol —35,773964| ol ol
= POI‘t|andIte (12 |a  Alice 1 o —13.792543 o o
(13 [a  coanTs 1 0 ~1.7616158 | 0 ol
(12 |a  canHe i | -0.26150595 o
15 |2 caaniz 1] 0| -0, 562464 al
Total solid volume: CUom L 2 -] J
17 |s cansniz 1 0 —0. 14887592
18 |a C2ASHE 1
33.13+13.38+16.05  [le @m0 05 ome
3 ? [} J‘.‘ime 1. O |
= 62.56 cm 21 |2 Porslandice 1 0. 43533506 ~1.57504152-008] 16.045177 35.0950785
22 |2 Annydrice 1| 0| —4.2850741 | 0| o
:_gTa Gypaum 1 ol —4,065956 | ol 0|
< |
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Hydration of OPC - results

EMPA)
Assessment of calculations

Aqueous phase composition —> ¢ | e || soc  _esat | eom | psbyas e

(speciation, acivities and T R N etat Cont g activity  molality
activity coefficients) [mol] (activity) coeff. (mol/kg)
DCnam = [102 | gamma | my |=]
o [ni(sca)+ o —33,724304 0.82138317 | ]
1 |al(sca)z- | al —3s,217318 0.52138317| 0|
2 [al+s | 6.16543842-033 -31,130816 0.15101216 4,8997936e-031
B | 2.5812107e—018)| —16,771743 0.BZ138517| 2,05926025-017
A ueous hase com OS[t[OI’) ang— | 1.2062931=-008 -4,1037928 0.82138317| 9,5865278=-005|
q p P 5 |n1czHe 5.1118271=-013 -10.133699 1.0150502| 7,2412572e-011
(total mOlalltleS) Emoﬁu 1"_671517'33—025_5 —231.6'115'5'3 3 0 43523171’: 5.61939'32_e—024
7 |alHSicd+2 4.0727468e—032 —23,851124 0.43523178| 9,23665138-030
\l/ (e [A1sics-3 | “2.36184672-012| ~10.547528 0.15101216| 1,87698258-010|
(8 [ca(sca)e | 5.5818969e—003 | —&,3465221 1. 0150502 4.4359875e—007|
IEqT Eh | EqDC | Eqsurf EqGen 10 |cas2 | 0.00020326333 -2.1530105 | 0.43523178| 0.016153586
11 |caoH+ 5.3538572-005 —2,4565757 0.82138817 0.0042547338
12 |ca(Hsi03)+ | 1.29397842—009 | -7.0733187 0.82138317| 1.0283372e-007|
o ICnam E Ca5i038 | s.se58852e-007 -4.5267817 1.0150802| 2,9292118e-005—
14 |H3108- 1.1611232-008 -5,1203875 0.82138317| 9.,227557e-007
9.5865538e-005 |21 ?514010 2 | 1.0ses2310-022] —21,541151 0.034308025| 8,3835758-021
0.020438218 |Ca E 51028 | 2.02525432-011] —8.7868244 1 4150502'_ 1,6094892e-009
17 |5i03-2 3.07128259=—000 ~6.6737511 .43533178| 2.4407783e-007
0.040719136 H Eﬂéé | of -44,658521 1.0150502 | 0|
18 |28 1.6296932-005 —2.8811982 1.0150502 0.0012951328
0.04359652)10 |20 |s203-2 o -166,13588 0.43523178 9
1.1809594e-006 |5 51 |Hs03- | al -56,6995989 0.82138317| o
- 22 |503-2 a -51.442988 0.43523178 0
3.0563583e-005 /51 23 |Hsos- [ 1.5950289=-018) ~16,082477 0.82138517| 1,2675849-017
7.4692972=a—018(7z . |22 [sca-2 | s.27836542—003] -6.4335334 0.43523178 7,37360682-007
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Hydration of OPC without addition — summary

EMPAQ

Hydration of a model cement composition — summary

= possibility to apply GEMS to simulate cement hydration with metastability
constraints ( e.g. siliceous hydrogarnet suppressed — see appendix)

= additional iron and alkalis present in real "OPC".
Thus to improve accuracy of the calculation one has to consider:

= Additional iron containing phases
(Moeschner et al. Geoch. Cosm. Acta 2007, Dilnesa et al. CCR 2014a+b
included in the cement database)

= Sorption of alkalis on C-S-H
(experimental data: Hong and Glasser CCR 1999)

= Sorption of sulfate on C-S-H
(experimental data: Divet et al. CCR 1998, Barbarulo et al. 2002, Skapa in progress 2008

= Substitution of alumina (Richardson CCR 1994, Chen et al. ICCC 2007,
Pardal et al. CCR 2009 & Inorg. Chem. 2012)

= kinetics can be taken into account as function of clinker reactivity over time
(e.g. Lothenbach et al. CCR 2006 & 2008)

GEMS workshop, Diibendorf, May 7-8, 2014 19

Hydration of OPC with limestone - system creation

EMPAG)
Experimental problem part 2:
Blending of the model cement with 5% limestone
CS  81l.37 wt-% CS  77.30 wt.-%
C,S 1.70 wt.-% 4 5% CaCO C,S 1.62 wt.-%
C:A 1193 wt-% > CGA 1133 wt-%
CaSO, 5.00 wt.-% CaSO, 4.75 wt.-%

w/c  0.50 CaCO; 5.00 wt.-%

Assumption: 100% hydration

> Recipe > > Equilibrium speciation

GEMS workshop, Diibendorf, May 7-8, 2014 20



Hydration of OPC with limestone - system creation

EMPAG)
Limestone addition:
repeat calculations with 95% OPC blended with 5% CaCO;

r:l: SysEq: Please, enter a new record key: 1M1
C reate n eW SySte m |Tmmalj:ﬂ:modﬁoemﬁt::ﬂ:0:1:25:[!:

Tutorial_2 Mame of the modeling praject

l Thermodynamic p | to minimize {G GV}

. S
8 GEM-Selektor 3 (GEMS3] - Geochemical Equilibrium Modelling

I— N‘ﬂdﬂ!ﬁ Record Data Calculate View Print Window
;_ + ﬁ + Name of the chemical system definition (CSD)
reate{hNew).
"-i g s Cle _ H IG CSD {recipe) variant number <integer>
; D"SF men?ﬂ or chck feoicystem! |u Volume of the system, dm3 (0 if no volume constraint)
o r Sl Peas ] 1 Pressure, bar, or 0 for Psat{(H20)g
ﬁ I x5 #oag o |25 Temperature, C {>=10)
MOLERET L) A
& g;‘:_' !G Variant number for additional constraints
s * | i ;
Process b Save #- OH S
s G SDE | I ok " Reset | From List | Help Cancel
- . i
| lost | % oo I
g {oi
GEma | 1 Plot data # - Gibb
L #H-Erapl
fiE | = £
# CZAH
print || ok || cancel |
Press OK again to leave the recipe wizard
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Hydration of OPC with limestone - system creation

MPAG

E
Experimental conditions: React 100 g OPC blended with 5% CaCO; with 50 g water

dd1lgoO — S
eeero o) wthes A RV VA L= @

2

.
m Input Recips of Single Thermodynamic System: Tutorial 2:Gimod_tem_Co0:0:1:25:0: ?

Use recipe wizard

Enter phase

M tname | Tuterial 2 - OPC with 5% CaCO3
composition !
Property Selection - | Recipe Input
Compos (xa_) o o
DComp (3] AOHD " Property Mame Quantity Units
1Comp (ki) Al203 HES 1ixa_ | G2 |1 g
Phase [p.) ARSI205(0HM  H2S04 2|k Aqua 50 g
Kin lower ) o 02 T {L81s o i
Kinwpper (dul ) c2s c03 3jxa_ [E55 e, 19
G0 =hift (gEx.) QA si0z 4 {5 {2 s
Other Inputs as 5 xa_ C3a 1133 g
CH4
co? 6|xa_ Cast4 4.75 g
CalDH)2 7 |xa_ CaC03 5 9
CaC03
Cal
CaSOd
Casi03
Gypsum
Input quantities of Compos{itions) contributing to B_
vector

pm— | = | N N

% F]
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Hydration of OPC with limestone - results

E
Experimental conditions: React 100 g OPC blended with 5% CaCO; with 50 g water

(add1g0,)

Input: System Definition

Results: Equilibrium State I

GEMS workshop, Diibendorf, May 7 8, 2014

MPAG

Phase/species I L | |Amount (mol} logSI/Activity |Concentration

#oa ag_gen 37 a 0.57495244 1.582e-10 .

s gas gen 2 o g 2?292;:11 i S;%g—é; CSH‘JenD = (Ca0)1.5'(S|02)0'6667'(H20)2'5

55  CSHQ s 0.45 .13%e- _ .
CSH-JenD I 0.18665924 0.408482 0.40848163 CSH-JenH = (Cao)1.333'(s'Oz)l'(H20)2.1667
CSH-JenH T 0.12383725 0.271003 0.27100314 _ = (Si .
CSH-TobD I 0.14033863 0.307114 0.30711446 CSH-TobD = [(Ca0); 55 (SIQZ)l (H20)575lo 6667
CSH-TobH 1 00061235984  0.0134008 0.01340017 | CSH-TobH = (Ca0)g667:(Si05)::(H,0)4 5

s B4_ON_Afm T s 0 =T ’ ’

3-8 DH 504 AFm 2 s 0 -1

= s S04 CO3_AFE 2 = 0.0064262692 ~3.B818e-11 B H
tricarboalu J 0.00061333041  0.0116799 0.095411439 C-S-H solid solution
ettringite M 0.0058149388 0.83947 0.90458856 . Qi .

%5 CO3 S04 AFt 2 s 0.0064282692  -3.818e-11 1.63 CaO SIOZ 2.88 HZO
tricarboalu M 0.00061333041 0.0116799 0.095411439
ettringite J 0.0058149388 0.83547 0.90458856

TS L (ON) Smic T ) —3.022

-5 Gibbsite i s 0 -2.571 . .

% s Belite 1 s -1.754 AFt solid solution:

&8 Aluminate 1 s 0 =38 . .

s+ s Blite 1 s0 -13.79 0.905 mol SO,-ettringite

@5  C2AH7S 1 =4 -3.99 . .

v s CIAHG 1 s -2.489 0.095 mol CO;-ettringite

4 s CARH13 1 s0 -3.18

-8 C4RH1G 1 =58 -2.741 => ca6A|2(oH)12(504)2'715(c03)o'285 '26H20

@-s  CAH1D 1 sa0 -4.99

w5  CAAsHIZ 1 sa ~1.058

4 s  C2ASHS 1 sa0 -2.604

+ = C4n~0 SH12 1 = 0 =0 _7J002 -

|# s cancuii 1 s 0.029076338 2.494e-10 | Monocarboaluminate

T 5 CLLILIngite T 50 ~U.07558

#- 5 RAragonite i £ s 0 -0.1438 (C03-AFm)

@8 Calcite 1 s 0.01720015 8.41e-10

-5 lime s 0 176

T e S|gn1f|cam mmera]eglcal changes due to limestone addition

& o= e o T

Hydration of OPC with limestone - results

23

E
Experimental conditions: React 100 g OPC blended with 5% CaCO; with 50 g water

(add 1 g 0,)

Predicted phase
assemblage
(hydrated cement
paste):

= C-S-H

(solid solution)
= SO,-AFt

(solid solution)
= CO;-AFm
= Calcite
= Portlandite

MPAG

Tutorial 2 - OPC with 5% CaCo3 10 36
e m = . g
— 3 pore sol.
[ Vooresor, = 10.37 cm? |
PHnam |zl [xa [Fa \avol [ ph ./ |«
¢ [a ag gen 37 0.57495244| 1.5816157e-010 ™\ 10.373382 10.363212
1 |g gas gen 22e-011 774.37532 0.99957118
i = — 3
2 |s CSHO [ vC-S-H = 31.48 cm T}— 31.476055 70.696579
3 |s 504 on aFm 2 i) -1 0
4 |s OH_So4 nFm 2 ; o | Mcsy=70.709
5 |s sS04 _co3 AFt 2 Varss) = 9-02 cm 4.5102464 B.0018486
6 |s CO3 S04 AFt 2 % z e-011 4.5102464 3.0018486
7 |s BAl(oH)3mic 1 0 -3.0243936 0 0
8 |s Gibbsite 1 0 -2.5712435 0
5 |s Belite 1 0 ~1.7543913
— m = 16.00
10 |s Aluminate i 0 -38.001866 AFt(ss) 9
e e e et e 2
E Mca|c,te 1.72 g => 5.00-1. 72 = 28 g calcite had reacted
13 - § C3AN0 5 - 2539902320
14 |s caan13 1 0| ~3,1903608
15 |s caauio 1 0 ~2.7411143 Mcos.arm = 16.53g
16 |s CAH1D 1 0 -4.9897519 0
17 |s camsmi2 1 0 ~1.0579398 0
18 |s co2asHe 1 ‘ v = 7.62 cm? 0 0
el . =17. cm
18 |s  CAAcD.SH12 1 CO3-AFm. 0 0
20 |s caacmll 1 0.029076338| 2.4943526e-010 7.6167785 o
21 |s ettringite 7599459 0 e =
? ‘ calcite — 0.64 cm3 mcalcute 1.72 g
22 |8 Aragonite ] 1]
23 |s calcite 0.01720015 8.4095527e-010 0.63527032 1.7215114
24 |s 1lime 1 0 -9.7760819 0 0
25 |s  Portlandite 1 0.46815706 —3.3746332e—011

158 47'}‘% 34.68702

GEMS workshop, Diibendorf, May 7-8, 2014 4‘ ’—‘ 24
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Comparison experimental data and modelling:
Hydration of OPC without limestone

cm®/100 g cement

80

EMPAQ

75 ] pore solution

70 -
65

—— chemical shrinkage

60 - porosity

55
50
45
40
35

>
3 O 020202020262 %%0%6 % %% % % %%

monosulfate

ettringite hemicarbonate
— hydrotalcite

—

20 28
15
10
5
0

0.01 0.1

1 10 100 1000
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hydration time [days]

Comparison experimental data and modelling:
Hydration of OPC without limestone

cm?/100 g cement

80

EMPAG)

75 ] pore solution

70 -
65

T chemical shrinkage

60 porosity

55
50
45

monosulfate

ettringite hemicarbonate
' n hydrotalcite

-

0.01 0.1
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Comparison experimental data and modelling:
Hydration of OPC with limestone

80

EMPAQ

75 -

pore solution

70
65

chemical shrinkage

60 -

55 -
50

45

40 -

35

Volume [cm*/100 g cement]

0.01

0.1
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1 10
Hydration time [days

citingtc
1 TTTTTTTT

monocarbonate

calcite

SR DURS RS [

Ettringite

Hemicarbonate

g
Mo

iy

9

10
Angles 26 (degrees) CuKa

1 12

Hydration of OPC with limestone - phase diagram

Estimation of phase assemblages

excess portlandite present in all assemblages

hig

monocarbonate +

AFt +gypsum + calcite

h carbonate content
AFt (ettringite) +

calcite

molar (and weight) bulk SO3/Al;03-ratio [-]

EMPAG)

Our cement:
molar SO;/Al,0,=0.82
weight SO;/Al,0;=0.64

molar CO,/Al,O5= 1.19
weight CO,/Al,O5= 0.52

=> Formation of

. : monocarboaluminate,
~0.79) AFt and calcite
] AFt+ Hc+ Mc
05 ] expected
(~0.39) ] lim.Ms ss
1 Hc +CsAH,
0.0 ———FT T F————7—7
0 0.25 0.5 0.75 1 1.25 1.5
(~0.11) (~0.22) (~0.32) (~0.43) (~0.54) (~0.65)
molar (and weight) bulk CO,/Al,O5-ratio [-]
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Hydration of OPC with limestone - phase diagram

EMPAQ
Distinction between limestone as reactive admixture and as filler

_excess portlandite present in all assemblages

3.5

. AFt +gypsum + calcite
(~2.75)

(not relevant for OPC)

w
o

(~2.36)

N
[¢)]

(~1.96)

N
o

(~1.57)

—_
(&)}

~1.18)

excess limestone
acts as filler

molar (and weight) bulk SO3/AlLOs-ratio [-]
o

(~0.79)
0.5
(~0.39)
0.0 T T T T T T T T T T 1
0 0.25 0.5 0.75 1 1.25 15
(~0.11) (~0.22) (~0.32) (~0.43) (~0.54) (~0.65)
molar (and weight) bulk CO,/Al,O5-ratio [-]
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Hydration of OPC with limestone - phase diagram

EMPAQ

Previous calculations M_,.ie = 1.81 g => 5-1.71 = 3.199 calcite have reacted
Matschei et al,, CCR 37, 2007

10

9 S0,/AL0;=0.2
$ 8 S0,/AL0;=0.4
£ , S0,/AL0;=0.6
2 SO,/AL0;=0.8
E, 6 ~3.2%.ofthe added S0,/Al,0,=1.0
S 5 calcite reactive SO/ALO;=1.2
<
O 4 SO,/ALO;=1.4
s
- 3
=
g 2
=
«

1

0

0 1 2 3 4 5 6 7 8 9 10

. . . amoun.t of Al,O; [wt.-%] . .
=> Determination of reactive calcite content by using diagrams

based on thermodynamic phase predictions

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



Appendix - siliceous hydrogarnet

EMPAQ
Predicted stable phase assemblage

Possibility of formation of siliceous hydrogarnet in the system
CaO'SiOZ'A|203‘CaSO4'CaC03‘Hzo at 25°C

= according to the literature the formation of siliceous hydrogarnet is
likely in heat treated concretes

= AFm phases are abundant and generally observed in cement paste
cured at 25°C

= knowledge on thermodynamic properties of solid solutions between

different hydrogarnets containing Fe, Ca, Si has improved recently
(Dilnesa et. al. CCR 2014a+b)

= formation of siliceous hydrogarnet apparently kinetically restraint

To reproduce reality, the formation of siliceous hydrogarnet is by default
supressed in GEMS. The data however is included in the cement database
(DComp) and can be introduced (Phase) if desired.
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Appendix - siliceous hydrogarnet

EMPAQ
Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

d\,- L o H @ & w \ ¥ S ﬁ h‘ =, .'9 ;IE:GBASQ'KEIIGASOAIHS.IS:EJ

s - DComp = Thermochemical/EaS data format for Dependent Compone... 15 =] R
2 3 = =
s0[a w_ e Fage 1 Page? | [17/0412014, 13:55
2 1la v H20@ -
. 32]0 C+4 [co2 B AN, 20 R
(33]g c4 |cra bk L p O P =
13419 |HO [H2
135]g |00 |02 MO 388.147| |2z 0 |ab
136{9 |52 |H25 ' - )
37 |s (AIOH | AlOHam 1
385 |AlOH | ADHmic [vod_| R =
39]s |AIOH lGbs God —H192853 3| T
[40]s [ASIOH  Kin HOd —5655022.4] =
‘ ‘
G :;: ;S:ASHOH E;ASD.&]HS.IS 3 g ] 21 — [roer ez | e s
R‘i\ 435 |CaASIIOH  |C3AS084H432 Cpod 430.022 0] CIAS0.B4H4 .32
Compos |44[s |CaAlD  C12A7 3 1 25| Ca3n1206 (31021084 (H20)4.32
455 CaAlO ic3a .
[46]s CaAlD  cA [LamsTINN =~ —— — o] TR PP o[
47 |s |CaAID Ica2 = ==
ES éaA'DH 55?1:\“7-_5 ) i i \ = |:Z: ~53:::9§ ._f
49|s CaAIOH  |C3AH6 - —es - E
EsCaAIDH PETITE IDllnesg_ea..‘!DltJ.pap. I log K - [na 5847441, 5 =T
[51]s [Canion_ [carits [o ] 52
[52|s [CaAlOH  |CAAHES cpid 413.688
53|s CaAlOH  CAHI0 il | [ezrs 1] s
154 |s CaAlOSH  |straetlingite [zamsT == ——
55]s |CaAlOcH  |hemicarbonate. [Betalo
[ r A AINAU | peesnearbon e
ﬂ—r Ll‘l [pilnesa_ea:2014:pap: all log K -26.70

i
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Appendix - siliceous hydrogarnet

Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

» & 2-Record -> Create new | @wp *| ¥ « [/l = @ [-Howrommccan
. ) - 2
e — ~ = :-_J
% x - Eﬁmﬁease.set\a-nmrmdkey . ﬁ L':EE i
IComp 1! 2 l 3 | il
|1 < AIOH | A{OH) 3mic c _
% 2 [s [AiOH |Gibbsite £ |s:C&APSrOH:Cl&SU.ﬂHE.LS:c:cem_:
pcomp |3 1S | AISIOH | Kaolinite c
4 s jC !Grqphltg =
x EAETS Mg : |s Code of phase state {agfpImhsdx}
6 |5 |C2S Belite c 2 4 ity
RescBC |2 12 | =
> s loa | Alkavingts : Group identifier for such phases (letters, digits})
i i -
ES |28 35 il S Hame of this phase definition [letters, digi
el 3 e N () c i iivhetis Ughe)
& 125 [cA2 JENE: E ||: Phase class { cd | gm ss ssd Is aq xsa xc
1 { .g@ )gs |csH |csHg s { Wi 3 ¥
© R\ e f12ls (CaAlOH  [COAHTS B f cem Comment to phase definition
< (13]s [CaAlOH  |C3AHS6 < =
g [14ls [CemOH  [canH13 c
Compos | 135 |CaAlOH  |CAAHIS = 0k 4 Reset I From List | Help Cancel
[16]s |CaAlDH  |CAH10 ¢ °
17]s [CaAlSO  |caasHIz c |
[ 18]s |CaAisiOH | C2ASHS ¢ ’
1195 |CaAlcOH | CAACOSHI2 H
1205 |CaAlcOH  |CAACHIL c
121]s ;CaA_IsQH c
[ 22{s |CallsOHY 1508 OH AR :
[23|s [CaAlsOHZ |OH_SO4 AFm s
|24 |s |[CaAlscHl  |S04_CO3_AFt s . | _’J
255 |CaAlscH?  |CO3.504 ARt s
s |CaCO | Aragonite c
el broen o j:J
¥

Appendix - siliceous hydrogarnet

Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

9, GEM-Selektor Phase Setup: sCaAISIOH.CIASOA1HS. 15:cicem TP =

Step 1 - Defining the Phase and the Model of Mixing

Selection of the codes below will configure the Phase record and tell the program what kind of phase and
which model of (non-ideal) mixing should be used, and how it should be calculated.

Phase aggregate state code:
|s Condensed solid phase, also multi-component solid solution L]

Select a model of mixing for this phase:

|I Ideal mixture or pure phase (default) j

Select a mode of calculation of activity coefficients of end members:

[T Activity coefficients will be set to 1 (pure phase, simple ideal mixing), default =

Select a mode of execution of DcEq user-defined script for end-members:

[N No DcEq script will be provided in this Phase definition (default) =

Select a mode of execution of PhEg user-defined script for the whole phase:

|N No PhEgq script will be provided in this Phase definition (default) j

Select a mode of a linking user-defined DcEq saript to phase end members:

[N No DcEq script will be provided (pure phase, built-in or ideal model), default -

Select specific mixing rules (temperature corrections) for EoS and activity models:

|N Default mixing rule or form of interaction parameter coefficients j
<Back || Next> | cancel |

GEMS workshop, Diibendorf, May 7-8, 2014
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Appendix - siliceous hydrogarnet

EMPAQ
Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

@, GEM-Selektor Phase Setup: s:CaAISIOH:CIAS0A1H5.15:ccem @ x

Step 2 - Phase Model-Specific Settings
Optional dimensions to set when built-in functions or scripts for the mixing model shall be used.

Attention! For TSolMod built-in mixing models that use dc_cf andfor ipxT, pc_cf data objects, relevant
dimensions will be allocated automatically. Any array will be allocated only if all its dimensions are not
zeros,

|0 3‘, dc_cf armray: number of columns (coefficients per phase end member).
IO Elf ipxT and ph_cf arrays: number of rows (interaction parameters) for the non-ideal mixing model.

IH ipxT array for indexation of interaction parameters: set here the maximum order of a parameter
= (e.g. 3 if binary and ternary parameters will be used).

H ph_cf array of interaction parameter coefficients: number of columns (coefficients per
~  parameter).

Set items in this box only if this is a sorption phase
[ Cheeck if surface complexation will be considered in this (sorption) phase
|O Ef Set the number of surface types (minimum 1, maximum 6) to allocate surface complexes

i() Enter here the specific surface area A of the sorbent (in m2 per gram), A>0

i s |
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Appendix - siliceous hydrogarnet

EMPAQ
Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

@, GEM-Selektor Phase Setup: s:CaAISIOH.C3AS041H5.15:cicem ng =

Step 3 - Final Settings and Hints
Optional

0 E‘. Set here the number of links to SDref bibliography records (default 0)

¥ Extract parameters from DComp/ReacDC records and refresh DC dass codes upon 'Calculate'?

What will happen after you click "Finish"

(1) A list of available ReacDC ('r') and DComp ('d") records will appear; mark those to be the phase
components (end-members). At least one species for a pure phase, or two for a solution phase must be
marked.

(2) In Phase window, fill out Phiame and PhNote comments. Depending on setup, enter numbers in
DisPar, text in DcEq and/or PhEq, parameter coefficients in ipxT, ph_cf, dc_cf arrays on Phase window
pages.

(3) Click on "Calculate’ toolbar button, then look at the PhDCC column; correct DC codes, if needed (T
for H+; "W' for H20-solvent; '"M',"Y,or 'I" for solid-solution end members). Save Phase record to project
database.

TARTaE
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Appendix - siliceous hydrogarnet

Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

2.

GEMS workshop, Diibendorf, May 7-8, 2014

&, Please, mark ReacDC/DComp keys to be included into the Phase !._@___SE |

Please, mark one or more record keys. Filter: s:¥*:%:

8 CasSioH CSH-JenD cn9 =

r s CaSi0H CSH-JenH cng

il CaSiCH CSH-TobD chs

r 8 CaSi0OH CSH-TobH cn9

d s AICH Al1CHam -

d s BA1CH BIOHmicC o8

d s AlCH Gbs dn

d s AlSiOH Kln dn -

d s co Gr dn

a5 CaRAS110HC3AS0.41H5.18

d s CafS110HC3AS).B4H4 .32 ce

dsa CaRl0 CILZA7 i

d 5 Calfld C3A 8.

d = Cahlo ChA e

d s Caplo CAZ <1

d s CaRlOH C2RH7.5 ce

d 8 CaRlOH C3AHG &R

d s CaRlOH C4RH1Z €8

d s CabhlOH C4AH1D ce hd|
Ok | sSetFilter | SelectAll | clearall| Help | cancel |

L

-

EMPAG)

Appendix - siliceous hydrogarnet

Import of siliceous Al-hydrogarnets (Dcomp -> Phase)

2 3
1\§ AIOH | ADH)3mic le
k 2 [\aio [Gibbsite e
pComp |3 |S | | Kaolinite c
4 = | {Graphits L
% |5 |5 | | Mayenite €
Rescoc |6 [s |25 Belite C
ng s (G3A g
“ 18 |s €35 <
Riparm (2 |5 [CA i
&0 2 =
@ [Lis o -
mhose [121= [CoMIDH  |COAHTS L
= 113 |s |CaAIOH |C3AHE E
i 14]s CaAlOH  |C4AH13 e
compos [15]s CahlOH  CaAn1 \
[16 s CaAlOH  CAHID
175 CaAlSO  |CaAsH12
4By |CONECH CIAGHA
119]s |CaAlcOH  |CAACOSHI2
1205 |CaAlcOH | C4AcH1L
[21]s Icaon emingre
| 2212 |CaAlOHL 1504 OH AR
23{= |CanlsDH2 |OH S04 AFm
24s |CaAlscHL  504.CO3 ARt
25|s CaAlscH2  CO3.504 ARt
[26]s CaCO  Avagonite.
-;7 Rt lalal [Faleitn

- | | 1 |
yialnlnwlnlnlalialalelnlns
‘ |

/

2. Save phase
Fage L Page 2 Page 3 |17/04/2014, 13:55

_' = I .ﬂ} feiraatsion:canen 2105 1500 0em
T 1. Recalculate phase

£3a50,41H5.15

[0 Ja [s cansiloncanaso.qins.1s ..

3. Repeat afterwards the same
procedure with C;AS,3,H, 3,

4. Re-open your project:
The new phases will be included

s CaAlSIOHC3AS0.41H5.15 ¢ cem_
inserted into project database. Action?

Do it Do it for All

5.

Cancel |

record to be

37

EMPA)

‘ m Phase
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Appendix - siliceous hydrogarnet

EMPAQ

Predicted stable phase assemblage in presence of Si-Hg
(for OPC+calcite) s St Ot

Results: Equilibrium State ‘

Phase/species

-

|L Amount (mol) =

u

T O T R T ¥ T O T ¥ O O T O R R JO ¥ . T OV R V. T o

ag_gen
gas_gen
CSHQ

S04 OH AFm
OH_SO04_RFm
S04 CO3 AFt

co3_sod

AFt

A1 (OH) 3mic
Gibbsite

Belite

Aluminate

Rlite
C2AHT7S
C3AHE
C4RH13
C4RH1S
CRH10
C4RsH1Z
C2ASHE

C3AS50.41H5.15
C3AS80.84H4.32
C4Ac0.3H12

C4RcHIL

ettringite
Aragonite

ralcite
lime

Portlandite
Anhydrite

Gynsum

a7 0.77375998
0.031233137

-44101851

w

.0061637368
.0061637368

-029605411

.047863404

T
a
g
=
L |
-}
L |
s
L |
s
5
S
L |
=}
|
s
L |
5
|
s
]
=
- |
=
L |
-}
L |
s
s 0.48783282
s

s

B T o B By e B = W i Oy o
2000000000000 0000000000000 0C0O

| 4
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Appendix - siliceous hydrogarnet
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EMPAQ

Al-siliceous hydrogarnet
CaAl (Si0),,,(OH), .,
(pure phases) \
® 4000
CaF ‘g CaJAI2 (SiO‘)a“(OH)M‘
1 CASH,, o CAS H 8 3000
3% 6B
m
-g_ ! C3ASXH6-2x CaASXHG-Zx 32,0 325 33.0
_é C3ASXH6 20CuKa
8] C.AS H
.B‘ X 6-2x
g_ KNO, prepared
[}
2] at 110°C
E 6 C.AH,
] } Aﬂ J C,AH, 20°C,
. , , , , , , , 3.5 years
15 C,AH; 20 25 CAH, 30 CAH, 35
20CuKa

Room temperature: only C;AH, forms;
C;AS, Hg ,, forms at 110 C°, but also stable at 20 °C
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Dilnesa, CCR 2012a&b
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Appendix - siliceous hydrogarnet

EMPAQ
Al-siliceous hydrogarnet (OPC blended with fly ash)
Deschner, CCR 2013 l l l
OPC-FA 1d OPC-FA 90d
| e ==

F Y !
/ . ‘ \ JL80°C ) g

!

T T T T T T T T T T 1~ T T~ T T T T T T
8 10 12 14 16 18 20 22 24 2 10 1 14 16 18 20 22 24 2
°2 Theta °2 Theta
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