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Thermodynamic modelling ®Empa

1. Short overview thermodynamic modelling
a. chemical equilibrium
b. modelling software
c. databases

2. Whatis GEMS?
3. Installation of GEMS

4. First tutorials

«  Calculation of single systems:

—  Equilibrium C;A, gypsum, portlandite
Parameter variations (process)

—  calcite, temperature, ...



Materials Science and Technology

2 Thermodynamic modelling

Example chemical equilibria: Gypsum in a glass of water

Gypsum: Reaction:
CaS0O,2H,0 CaS0,-2H,0 < Ca?* + SO,% +2H,0

Solubility product
Kgo = {Ca%*}-{SO,*}-{H,0}?/{CaS0O,-2H,0}
Ca%* SO, Kgo = {Ca2*}{SO,%} = 10458

{} : activity; []: concentration

[Ca?*} = [Ca?*] Y. Y Activity coefficient

logy. ., = AZZ\/_
Gypsum CaS0,-2H,0 T T BadT
extended Debye-Huckel




Materials Science and Technology

2 Thermodynamic modelling

Example chemical equilibria: Gypsum in a glass of water

Gypsum: Reaction:
Caso4o Solubility product

Ca?* SO,~ Kgo = {Ca?*}-{S0O,%} = 10458

CaOH*
Complex formation: Equilibrium constants

ol He K = {CaOH*}{Ca2"}-{OH} = 10122
K = {CaS0,%}/{Ca?*}-{SO,%} = 1023
s K= {H*}-{OH} = 10-14.00

Gypsum CaS0O,-2H,0
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2 Thermodynamic modelling

Chemical equilibria:

1 Concentration of Ca, SO,?
2 What happens if we add KOH? ?
0 Solubility products
CaSO4 KSO = {Ca2+}-{SO42'} = 10458
Caz2+ SO,?% Kso = {Ca?}-{OH}* =10°20
CaOH*
Equilibrium constants
OH- H K = {CaOH*}/{Ca?*}-{OH} =101
K = {CaS0,%/{Ca?"}-{S0,2} = 1023
H,O K = {H*}-{OH"} = 10-14.00

Gypsum CaSO,-2H,0



Solubility of gypsum

_____________________

@ Empa

Materials Science and Technology

Gypsum

KSO - {Ca2+}-{SO42'} = 10458
{Ca?*} = {SO,%} = 104582 = 0.0051 mol/l (activity scale)

{Ca?*} = y*[Ca?*] = 0.42*[Ca?"];
[Ca?*] =1022°%/0.42=0.012 mol/l => 12 mmol/l (concentration)

{CaS0,% = {Ca?*} {SO,2} * 1023 Dissolved complexes

Ca, =[Ca?'] +[CaS0,% + [CaOH"] (negligable at pH < 11.5)
= [Ca*1+10%**yc,* Y caso [Ca* I
= [Ca?*] + 34 * [Ca?*]?
=0.012 +34 *0.0122=0.017 mol/l

=> Calculation easier with geochemical softwares

pH°

13

L)
(c) GEMS



Solubility of gypsum

_____________________

Gypsum

pH°

+KOH?

Portlandite

L)
(c) GEMS

@ Empa

cience and Technology



Solubility of portlandite
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Solubility of gypsum

Portlandite
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Codes

Complex systems

Geochemical codes needed for calculation:

m Geochemical database
m User interface: problem formulation

® Problem solving



Geochemical Codes

Freeware

= GEMS 3.7 http://gems.web.psi.ch/ )
solid solutions, kinetics, fitting, transport modelling o ,{;’
(Used in this course) §' ﬁ

s PHREEQC http://www.hydrochemistry.eu/ & g
transport modelling 5 S

m MINTEQA2 https://www.epa.gov/ ;? &
ceam/mintegaZ2-equilibrium-speciation-model ,% g

Commercial products QSQ‘@&

m MINEQL+ http://www.mineql.com/ @) §

m CHESS



Thermodynamic database

/ Generic data

PSlI/Nagra TDB g Cemdata07, 18

« Aqueous phase

(Ca?*, Ca(OH)*, ...) AFm AFt hydrogarnet C-S-H
 Gaseous phase
SO,-AFm SO,-AFt C-.AH :
(e.g. CO, (9), -..) t solid t solid W, Cay6;S5iH, 5
« Minerals solution solution
I 't OH'AFm CO3'AFt C3FSO_84H4.32 C083S 67H18
(calcite, / gypsum, CO;-AFm thaumasite i
plnfe, ) hemicarb. Fe-AFgolid C;AS sH, 5 C,3SH; 4,
k. stratlingite Zi7 . ¥
AlI-AFm Al-AFt 1.5%70.677 2.5
t solid
solution Cemdata18 additions:
Fe-AFm Cl,-, NO,-, NO,-AFm,

relative humidity, M-S-H,
Data based on solubility measurements at different zeolites, C-N-A-S-H, ...

temperatures + solid phase characterisation



Thermodynamic modelling
1. Geochemical programme
2. Thermodynamic data v

3. Problem formulation:

Define quantities of

e water,

 solids: gypsum, calcite, C;A, C,S,...

* liquids: H,SO,, ...

« gas: CO,, N,, ...

... at the user interface of the respective programme

Materials Science and Technology

13



Input

@ Empa

Materials Science and Technology

vector

Input quantities of Compos(itions) contributing to B_

g Input Recipe of Single Thermodynamic System: portlanditG:CO2:0:0:1:25:0: EIL
e e
thame

Property — Selection Recipe In

Compos (xa ) rope Mame uanti Units

DComp (xd_) Aqua LEL Q ty

IComp (bi_) CH4 xa_ Aqua 1000 g

Phase (xp_) co2 2 |xa_ C02 1 g

Kin.lower (dil_) Ca(0OH)2 3 Cal0OH)2 10

Kin.upper (dul_) CaC03 — a(OH) g

G0 shift (gEx_) Cal Xa_ Gypsum B g

Other Inputs Cas04 =1k |C}E 1 g )y Aan
Gypsum [~
H2 \/
H25
gism O, added to ensure oxidising conditions
503

Learn more

Print

OK

Cancel




Results 1

Solids: amount in g, mol, cm?, ...

@ Empa

Materials Science and Technology

} (GEMS3) - Geochemical Equilibrium Medelling by Gibbs Energy Minimization - [EgDeme = portlandit:G:CO2:0:0:1:25:0x]

-

.—-—-—--—-.-—-

ord  Data

Calculate View Print Window Help

Le]

=2}

it @ K|

MEEYVE

A=

6 ||porﬂandit:G:CDZ:U:U:1:25:0:

TR

2 [0 [0]1]25 |0 |

EgIC | EgPh EqDC | EqSurf | EqGen | 29/058/2012, 12:44

PHnam Xa Fa phVal phiM
0 ag _gen 55.631449 4.049238e-010 1003.4458 1004.0869
1 gas_gen 0.00 - 44 _ 853204 0.057896951
2 = Grap 0 -82.225895 0
3 ragonite 0 -0.14383216 0

= Calcite 0.022715807| 9.9544516e-010 0.8389856 2.2T7T3557
5 = lime 4] —-8.7759048 0 0
& = Portlandite 0.092888665 4.112154e-008 3.0708992 6.8823719
7 = Anhydrite 4] -0.22276489 0 0
8 Gypsum 0.033682935| 2.9568298e-008 2.5157783 5.7992987
g = rate 4] -0.983202801 0 i)
10 |= Sulphur ¥} —-116. 4]
| prxs 14,955228



Results 2

Aqueous concentrations (mg/l, mM, ...)

m Modelling by Gibbs Energy Minimization - [EgDemao = portlanditG:CO2:0:0:1:25:0:] ‘

B

Window Help

g i@ %]

VOB VE

| f'l':": H 9 ||port|andit:G:CDE:U:U:1:25:0:

EqIC EagPh | EqDC | Eqsurf | EqGen | 29/08/2012, 12:44
ICnam Ch u
0 C 0.022T22315 4] -189.33164 .1389589 -5018116e-006
1 Ca 0.1814309| 1.8633083%e-017 -Z266.1702 -45932845 0.032115559
2 H 111.47254| 1.378B486e-014 -47.83934 .4125525 0.038676534
5 56.108789| -5.2917973e-015| -4.1667698e-01 .0342882 0.092408466
4 5 0.046464839 0 -267.67768 .8837821 0.012770795
= iz 0| 6.0791121e-019 18.220318 0 2.6947074e-018

16



3 GEMS
What is GEMS?

SELEKTOR

Gibbs Energy Minimization Software
for Thermodynamic Modelling 17



PAUL SCHERRER INSTITUT

Installation of GEMS 3 |_|_—: GEM Software (GEMS) Home

Paul Scherrer Institut | 5232 Villigen PSI, Schweiz | Tel. +41 (0)56 310 21 11 | Fax +41 (0]

1) http://gems.web.psi.ch/ 2) oo sore tome_| (Y

GEM-Selektor v.3

GEMS3K Code Gibbs Energy Minimization Software for Geochemical Modeling

3) Click on «download»,
«click here to register...»,
give your details and

See presentation (pdf). Why GEM-Selektor and GEM Software? See a

Terms & Lic urrently, GEM Software includes three code packages and a default thermodynamic data

® GEM-Selektor v.3 (GEMS3): the interactive code package for geochemical modelin
GEMS Default TDB

® GEMS3K: the standalone code for solving for geochemical equilibria (with TSolMod

TSolMod Library
4 ® GEMSFIT: the generic parameter-fitting code coupled with the GEMS3K code
Publications

® GEMS TDB: the default chemical thermodynamic database of GEM-Selektor packa

' m GEM-Selektor v.3 HTTP Download Page

1 Your GEMS3.7.x GEM-Selektor package download registration form has been submitted successfully.

For more information about installing GEM-5Selektor on various operation systems, please download the Installation instructions (pdf) or
check the Technical Info page.

Please, use an appropriate direct link below to download the actual revision of the package (to save the installer archive file to disk):

GEMS3.7.0 for Windows-64 GEMS3.7.0 for MacOS GEMS3.7.0 for Ubuntu Linux-64

Attention! There were relavant improvements and functionality additions in GEM-Selektor version 3.7 compared to previous versions. It is
recommended to upgrade as soon as possible.

Attention! There is a lot of improved functionality in GEM-5Selektor v.3.3 or higher compared with v.3.2. For backward compatibility, all
modelling projects created in GEM-5elektor v.3.2 x or earlier, will open and work normally in GEM-Selektor v.3.3.x; accordingly, GEM53K
/0O files exported from GEM-Selektor v.3.2 x are readable and will work in coupled codes and examples using GEMS3K v.3.3.x.

Immediate extension of old modeling projects in GEM-Selektor v.3.3 x with newly created Phase records, remaking existing Phase records,
or via Project remake/extension wizard is possible. Before doing that, the user needs only once to open the project; switch to Database
Mode; open the Phase window; and remake one-by-one all Phase records available in the project (saving each record back after remake).

18



Installation Windows

% GEMS 3.7.0 (Windows) c.b053eed.fdcdd2b

x |

Use default, or type/select another location. If the folder does not exist, it wil be created.

C:\GEMS370)|

OK

* Install the programme in C\GEMS370

Cancel

The creation of a new folder avoids, for those who had GEMS previously installed,
problems with older versions of the thermodynamic databases (tdb).

| Do NOT install it in the programme folder !
Problems with administrator rights in windows

19



,. ¥ GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimizatio —

Modules Window Help

= - @ |

& |* Access to thermodynamic database

h Opens existing projects
DComp Creation of new projects

20




[a]

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

Modules Window Hel
: Modelling Projects &u
e s

2 Selektor modelling projects: Select one to open, or click 'New Project...' to cr

% AluSiOMSA MUSICAluminaSilica -

IComp AragCalc Aragonite-Calcite —
BermanMSS TestsMultiSiteSolidScolutions

h Ca-Sr-C0O3 Solid solutilons

DComp CalDolColZ2GEMZMT-test
CarbSea CarbonatesAndSeawater

x Flowline test project gemZmt

ReacDC GEOTHERM Soultz_1

Kaolinite Test-JNC
Kinetics Mineral-Ag-Reactions
Kyanite MylstProject

RTparm SIT portl BU181104
‘ED Solwvus test project solwvus
3 TestPNTDE Test-PSI-Nagra-TDB-07-12 —
Phase TestPR  test project PRSV fluid
Te=atSITPA8 Teast-SITPCRTA48-Tinkad ﬂ
Compos " Retain setup of aqueous (and gas/ | Activate Project Remake wizard

[~ Change file configuration of the se | Re-calculate and save all equilibria (

[~ Create a new project using the sel [ AIA mode (sin| Smart IA mod

Make a new project:

* by copying records from default d © by linking files from the default d

‘» Open Project

New Projectl Learn more Cancel




Installation of cement database

1. Close GEMS

2. Get cemdatai8 at https://www.empa.ch/web/s308/thermodynamic-data
e O vy ‘O\ Eucherw

LT

® & https://www.empa.ch/web/s308/thermodynamic-data 67%

istbesucht @ Erste Schritte

Empa » 700 - Functional Materials > 308 - Concrete / Construction Chemistry » Research > Cement Hydration > CEMDATA > Thermodynamic data

EMPA
700 - FUNCTIONAL MATERIALS
308 - CONCRETE / CONSTRUCTION

CHEMISTRY
> OVERVIEW
v RESEARCH

v  CEMENT HYDRATION
Hydration
Thermodynamic modeling
Interaction with environment
v CEMDATA
Thermodynamic data
Tutorials

References
Ternary diagram

? EARLY AGE CONCRETE

Thermodynamic data

Cemdata

Thermodynamic data for hydrated solids in Portland cement system (CaO-Al;03-S5i02-CaSOs
CaC0s-Fe203-Mg0-H20)

- New version CEMDATA 18.1 available -

The first version of the cement specific cement database Cemdata was published in 2007-2009.
Since then it was updated several times; the last update has been published in 2019 (Lothenbach et
al. 2019)

Cemdatal8: A chemical thermodynamic database for hydrated Portland cements and alkali-
activated materials

Cemdatal18 database has been developed specifically for hydrated Portland, calcium aluminate,
calcium sulfoaluminate and blended cements, as well as for alkali-activated materials. It is available
in GEMS and PHREEQC computer program formats, and includes thermodynamic properties
determined from various experimental data published in recent years. Cemdata18 contains
thermodynamic data for common cement hydrates such as C-5-H, AFm and AFt phases,

hydrogarnet, hydrotalcite, zeolites, and M-5-H that are valid over temperatures ranging from 0 to at
lasct 1nN2 Calid cenl dinn madale far ACm ACF F C W and WM © U ara slea incliidad in tha

3. unzip cemdata18 database

Prof. Dr. Barbara Lothenbach
Senior Researcher /
Projektleiterin / Adjunct Prof.
NTNU

Phone: +41 58 765 4788
barbara.lothenbach@empa.ch

Downloads and Links

& GEMS PSI

* Cemdatal8.1 for G@
* Cemdatal8.1 for PHREEQC
* CEMDATA 14.01

& CEMDATA 14.01 overview

22



1.

A

Installation of cement database

Close GEMS

Get cemdata18 and unzip folder

Copy all files (without folder!) from the folder Cemdata18 into the directory
C\GEMS345/GEMS3-app/Resources/DB.default

Open GEMS and cemdatabase will be available for «<new projects»

GEMS360
Gems3-app
iconengines
imageformats
platforms
printsupport
Resources
data
DB.default
doc
help
img
projects
visor.data

sqldrivers

el

&

Mame

compos.3rdparty.cemdata.aam.ver18.01....
compos.3rdparty.cemdata.aam.ver18.01...
compos.3rdparty.cemdata.pcver18.07.ndx
compos.3rdparty.cemdata.pcver18.01.pdb
compos.3rdparty.claysorver18-12.v0.1.ndx
compos.3rdparty.claysorver18-12v0.1.pdb
compos.psi-nagra.pco.genericver12-07.n...
compos.psi-nagra.pco.genericver12-07.p..
compos.supcrt.pcoinorg.ver1998.ndx
compos.supcrt.pco.norg.ver1998.pdb
dcomp.3rdparty.cemdata.ver18.01.ndx
dcomp.3rdparty.cemdata.ver18.01.pdb
dcomp.3rdparty.claysorver18-12.v0.1.ndx
dcomp.3rdparty.claysorver18-12.v0.1.pdb

dcomp.psi-nagra.rec.agueousver12-07.v..

Aramn ngi-nanra rec annenns verl 2-07 v

Anderungsdatum

17.09.2017 08:05
17.09.2017 08:05
17.09.2017 08:05
17.09.2017 08:05
02.05.2018 14:56
29.08.2019 15:49
05.02.2018 1416
05.02.2018 1416
05.02.2018 14:16
05.02.2018 1416
24.04.2019 10:36
24.04.2019 10:36
02.05.2018 14:56
29.08.2019 15:49

05.02.2018 1416
0502 2018 141/

Typ

NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PDB-Datei
NDX-Datei
PNR-Natd3



m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgStat: 5
" i 2 . P .

Record Data Calculate View Print Window Help

ISingIeSystem j-+H@¢’x|1|;nv

i portlandit: ®: *: = # #*®

GEMS structure

Ca|Cu|atI0nS ) Input: System Definition Results: Equilibrium State I
(T3 [a[5Te[7 e
SysEqg IT co2 ||:| ||:| |1 |E ||:| | Pl?asefspe::les L T
ﬁ ------ a ag_gen 22 a
------ g gas_gen 5 g
L ------ = Graphite 1 =
Process | | [ = Aragonite 1 =
------ = Calcite 1 =
| H ------ = lime 1 =
------ = Portlandite 1 =
sbemo | Single calculations | - s Anhydrite 1 s
Thermodynamic database ﬂ e rate T
R |t N N 2 =] Sulphur 1 =
for experienced users GEM2MT
" &
Praoject
W GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [DComp  Thermochemical/EQS data fo.. -
mMm Record Record List Database Files Window Help —IEIEI
; DJCump ;I - + H @ * "ﬂ | ' | EE — 9 Is:CaDH:Purﬁandite:dn_:
’R —_— |
T = = I Page 1 Page 2 | |29,fos,f2012, 12:38 1
1 |g|52 H25 En_ - Tonds i
2 s o dn_ ortiandite
3 |s [cacO [Arg dn_ Ca(CH)2
4 |z | Caco |Cal dn_
5 [s|ca0 [Lim ce_ (Mo | 74.0927| [zz | 0| |ab -
6 = CaOH | Portlandite dn_ .I
7 |5 |Cas0 | Anh dn_ |vg.;1 | 3.306| D| ]
8 |s |Cas0 |Gp dn_ | |
9 la|w_ H+ an_ cod _EBTG13| ___| |
10/a|w. |H20@ an_ |Hoa | 984675 — o4




Opens
projects

Single
calculations

Processes:
programming
of single
calcualtions

Numerical
settings

Normally
not used

database

m GEMISEIek‘tc:r 3 {GEMSE} = Gecchemical Equilibrium Modelling b}r Gibbs Energy Minimization - [EgStat: Single Thermedynamic System in Prujech

.'..I;Mod*les Record Data Calculate View Print Window Help

ﬁ @ ISlngIeSystem

(=

i @ X

VOEYVE

A=

@ [

Project

i portandit: = = * = ===

3 [4|5]6|7 |8
J1 cozofo1]zs |o|

Input: System Definition

Results: Equilibrium State |

Fhase/species L T| Amount (mol) log5I/fAacti
------ a ag_gen 22 a 55.631449 -1.754e-11
------ g gas_gen L] g 0.0018093475 -3.6l6e-11
#--s Graphite 1 =0 -82.23
#--s Aragonite 1 =0 -0.1438
-3 Calcite 1 s 0.022T715807 9.954e-10
s lime 1 s 0 -9.776
-3  Portlandite 1 = 0.09288E8665 4,112e-08
#--s  Anhydrite 1 =0 -0.2228
-8  Gypsum 1 = 0.033682935 2.957e-08
-2 hemihydrate 1 =0 -0.989
H--=  Sulphur 1 =0 -116.3
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Create new
record

Clone record

Next/previous
single calculation

save

AN

delete

\

Check for
conflicts

recipe

calculate

tooltips

results

|

;ﬁ GEM-Selektor 3 (GEMS3) - Geochemical Equili

ingle I'hermc:d/amic System in roject portlan
-

Single
calculations

ﬁ I,-'_I'.I
=

:B % |5|ng||e5y'stem

Process

i

GiDemo

HiE

GEM2MT

gEv.
by
5
ot

Project

| portandit: = =* = ===

ag

| 3 |4|5|'c"|i'|E
1 cozlo o125 |0

Active single
calculation

__[; Meadules F{ecu:urd_ Data Calculate View PrinthmN-{_elp\ ¥
it @ X

Input: System Definition

3

i MNHQ b}n‘N}bS EHEN Mini izatmnl [Eqiat

*

Results: Equilibrium State l

v
BV

v

/
B =] @ i

Continue with tutorial C3A

Fhase/species L. T| Amount (mol) logS5IfActivity
& aqg gen 22 a 55.63144%9 -1.754e-11
g gas_gen S g 0.0018053475 -3.6lee-11
+Ho 3 Graphite 1 z 0 -22.23
+o 3 Aragonite 1 s 0 -0.1438
+o 3 Calcite 1 = 0.022T15807 3.5954e-10
o 3 lime 1 s 0 -5.776
o 3 Portlandite 1 s 0.09288586605 4.112e-08
e B fnhydrite 1 =z 0 -0.2228
- B Gypsum 1 = 0.033682935 2.957e-08
+H- 2 hemihydrate 1 2 0 -0.98%

- 2 Sulphur 1 2 0 -116.3
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First Tutorial - single systems: hydration of C,A ®Empa
Hydration of C;A (Ca;Al,0,)?

1) Simulation of reaction C;A + CaO + CaSO, Guided tutorial

—

2) Simulation of reaction C;A + CaO + CaCO;q

3) Simulation of reaction C;A + CaCO, _ Individual
work

4) Simulation of reaction C;A + C + CaSO, + CaCO4-

See Seligmann & Greening ICCC 1969 and various papers by Kuzel et al. (Kuzel & Pollmann CCR
1991, Kuzel et. al CCR 1996) for experimental verification
2 cement notation C=>Ca0o A => Al,O;
S => SiO, H=> H,0
s => SO; c=> CO,

27



Hydration of C;A + CaO + CaSO, - project setup ~ @®Empa

Materials Science and Technology

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

M%Window Help
B ff —] Q|
'@ 45 %ﬂ Modelling Projects | ? 2< |
ICom
i Selektor modelling projects: Select one to open, or click 'New Project..." to cr
h AluSiOMSA MUSICAluminaSilica a
ocem AragCalc Aragonite-Calcite —
% BermanMSS TestsMultiSiteSolidSolutions
ReacDC Ca-Sr—CO3 Solid solutions
CalDolColZ2GEMZMT-test
%‘ CalcDolo GEMS3K-test-example
e CarbSea CarbonatesAndSeawater
‘O Flowline test project gemZmt
P? GEOTHERM Soultz 1
Kaolinite Test-JNC
ﬁ'} Kinetics Mineral-Ag-Reactions
Tz Kyanite MylstProject
PitzTest NaCl COZ e
SIT portl BU181104
Solwvus test project solvus
TeatPNTDR Test-PST-Nacgra-TNR-07-172 Ll

[v Retain setup of aqueous (and gas/ |  Activate Project Remake wizard
Re-calculate and save all equilibria (

[ AIA mode (sin|  Smart IA mod

[ Change file configuration of the sel

[ Create a new project using the sel

~Make a new project:

& by copying records from default d " by linking files from the default d

Open Project New Projectl Learn more Cancel 28
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Hydration of C;A + CaO + CaSO, - project setup @ Empa

Materials Science and Technology

v Project: Enter a new record base (e ,

|C3A:GEMS2019:

‘I(EA \Name of the modeling project

GEMS2019| Comment to the project definition

Ok ,I Reset From List | Help Cancel

29



Hydration of C;A + CaO + CaSO, — project setup ~ @®Empa

Materials Science and Technology

Select CEMDATA18 (3™ party data base)

LE Basis configuration of a new Modelling Project C3A ? X

Step 1 - Selection of databases, data subsets, phase type filters

~Phase/DC Filters Built-in Database Version
5 3rdparty
W ;
v Aqueous electrolyte 5 B condata 1501
v Gas mixture | || -
&[] aam 15.01
v Non-ideal fluids =[] pc 18.01
I~ Plasma - csh
- - [ esh2o 18.01
v
[V Crystalline solids  Ocsn3t 15 01
[v Dispersed solids . ~[cshkn 18.01
.~ [ cshg 18.01
Iv Liquids, glasses W] ht 18.01
----- ss—fel 18.01
['Silicate melts || . ss 18.01
I Sorption, Ion exchange [l claysor 18-12.v0.1
EEI--M Psi-nagra | G ] . d b
- Polyelectrolytes e eneral psi-nagra database
B[] support
I Liquid hydrocarbons
I~ Skip solid solutions

Learn more | < Back | Next > Cancel

B

T 30
Recommended selection for PC and blended cements



Hydration of C;A + CaO + CaSO, — project setup ~ @®Empa

Materials Science and Technology

Select elements necessary to model C;A hydration

¥ Basis configuration of a new Modelling Project C3A ? x

/ ” reactive N"
— Step 2: Select Independent Components (not available if shown in light gray color) - W

(don’t use here)

Nit
N

2 L Be B I e N 0 \(;
3 MNa | Mg I Al Si \p\ll 5 Ar
~

Air: O,, N,, etc.

ALLLL

4 K I ca [sc | | v k\hﬂln Fe Ni (no reducing
4a Cu n Ga Ge As Se }\Kr conditions,

s Rb | sr | v zr | wb (Mo [T | re a0 | pd N, not reactive)

5a | Ag cd In Sn sb e 1 X \ \\

we can also use

6a Aul|l Hg |l W | eb|l Bil| Po|  Ac| Rn just oxygen (O,)
] I e(lz)
7 H Ra ACT ™ Isotopes \

La | Ge | Pr | Hd | Pm || 5m || Eu Gd | Tb/ | Dy | Ho Er. || Tm needed for parts
AC Th Pa L] Np Pu | Am | Cm | Bk Cr Yh Lu Vol 2+3 Of the tutorial
Learn more Set Filters <= Back Next = Cancel
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Hydration of C;A + CaO + CaSO, — project setup ~ @®Empa

Materials Science and Technology

Select model for calculation of the aqueous phase

;ﬁ Setup of aqueous and gas phases in project: C3A

Select Aqueous Electrolyte Model \ Select Gas/Fluid Mixture Model l

" Ion-association (IA) with Davies equation, D (default)

14 with extended Debye-Hueckel equation (Helgeson), common b_gamma and a0, H
AN

SRS IS e

’j

-

1A with extended Debye-Hueckel equation (Shvarov), Wgmmon b_gamma cou ey

IA with extended Debye-Hueckel equation (Karpov), com
IA with Debye-Hueckel equation, no b_gamma, individual a0,

14 with Debye-Hueckel limiting law (very low ionic strength), 1

Do not generate; select a user-defined Phase record from database ( Q,

Do not include aqueous electrolyte phase into the system definition, N

b_gamma, individual ad, 3

Phase record key: |a AQELIA ag_gen aq EDH_H

?

Parameters for
the aqueous phase model

b_gamma(1,298) value:

|0.123 |

b_gamma(PF,T) mode

|KOH |

Common al value:

13.67 =]

Gamma (neutral species)

|Ca|cu|ate as b_gamma™I5 j

Gamma (water solvent)

|Frum osmotic coefficient j

Molality conversion

|App|ied to all species j

*

2) f(pressure, temp)
-> electrolyte

a0=3.67 for KOH
b0= 0.123

Tl > Calculates

activity of water

oK | Cancel 1. Check

@ More details
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Activity coefficients ®Empa

Solubility product e. g. of gypsum
Keg = {Ca%*}{SO,}-{H,0}?/{CaSO,-2H,0O}
Keo = {Ca2*}{SO,2} = 10458

{}:activity; [ ]: concentration
{Ca**} = [Ca*] ' < Activity coefficicient

Correction of concentrations by activity coefficients, as
the ions ,feel” their neighbours (other ions, solvent).
Activity coefficients depend mainly on:

= jonic strength

= other ionic species
= temperature

33



Activity vs. ionic strength ®Empa
— selecting the right aqueous electrolyte model

—Azzf

Debye-Hiickel logy .. ionic strength 1 <0.1M
<14 BaT
Extended _ 472 \/’
Debye-Hiickel logy. . .. =
“ 1+ Baf
common a, common b (Helgeson) <12 M
individual a, common b (Truesdell-Jones) I<1M
T 1 <0.3M
individual a, no b
2 ﬁ 0.1<1<0.5M
Davies logy, .. =—AZ( —0.37) . -

1++/1

SIT 10g7Ca2+=1+15ﬁ+28mk 1<3M

The calculation of activity coefficients is available as built-in function in the GEMS code.
For a detailed overview of different activity coefficients see:
C\GEMS36\Gems3-app\Resources\doc\pdf\Activity-Coeffs.pdf and references therein



Hydration of C;A + CaO + CaSO, — project setup ~ @Empa

¥ - e
EI- SysEq: Please, enter a new record key: { & \ﬁj
|C3A:G:C3A—Cs:t]:t]:1:25:t]:
—> Project name
|C3ﬁt Name of the modeling project
_ _ o | 5 Method (Gibbs
|G Thermodynamic potential to minimize {G GV}—— ...
energy minimization)
|E3A-C5 Name of the chemical system definition (CSD) S System definition
0 CSD (recipe) variant number <integer> defaul
— Integer (default 0)
|[J Volume of the system, dm3 (0 if no volume constraint) - 9
System volume
|1 Pressure, bar, or 0 for Psat(H20)g \ unconstrained
25 Temperature, C (>= 0) \‘s Pressure (bar)
0 Variant number for additional constraints T Temperature (°C)
Ok Reset | From List | Help | Cancel ‘

Avoid special signs suchas $& % a6l aol¥... 35



Hydration of C;A + CaO + CaSO, — system creation (recipe®Empa

Materials Science and Technology

We need a receipe

m Input Recipe of Single Thermodynamic System: C3A-tut:G:C3A-Cs:0:0:1:25:0: m
tnameg (C3A + Cas
04 comments
Property [ Selection——— Recipe Input
Compos (xa Jrope Name uanti Units
DComp (xd | |AIOH)3 C3A pert Quantity
IComp (bi ) Al203 C4A
Phase (xp_) Aqua CA
Kin.lower (d C12A7 CAZ
Kin.upper (c
GO shift (gE:
Other Input 4 | | Ll
4] | ]
Input guantities of
Compos(itions) contributing to
B_ vector
- < | 13
Learn morel Print | OK | Cancel




eeeeeeeeeeeeeeeeeeeeeeeeeeee

1 Reaction of C;A with calcium sulfate
59 CA +2.52gCaSO, + 2.5 g CaO + 50 g H,0
+ 0.1 g O, (oxidizing conditions, CO,-free = no carbonation)

molar ratio SO;/Al,O; = 1, molar ratio CO,/AlLO; =0

Expectation: monosulfate
Ca ALLOSO, 12H,0

No ettringite
CaAl,OgS;0,, 32H,0

Reaction products?

> Equilibrium speciation
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Hydration of C;A + CaO + CaSO, - system creation (recip&Empa

Materials Science and Technology

ﬂ Input Recipe of Single Thermodynamic System: C3A:G:C3A-Cs:0:0:1:25:0:

tnamIa |C3A + CaSO04|
Property | Selection Recipe Input
Compos (xa I — ) i i
DComp (i AlOH)3 | I cha =0 oo <O3 roperty| Name Quantity nits
IComp (bi) | [AI203 C4A3s co2 CaSO4 H2S 1lxa_  |Aqua 50 g
Phase (xp_) Aqua | CA Ca(OH)2 CaSO4_05H20  H2S04 2|xa C3A s 4
Kin.lower (d R CA2 CaCO3 Gypsum =
. 3|xa_ CaO 25 g
Kin.upper (c
GO shift (gE 4 |xa_ CaSO4 2.52 g_|
Other Input 5/xa_ 02 01 .
« b A bit of O, to
o || guarantee oxidizing
Input quantities of Compos(itions) contributing to B_ vector < conditions | Ll
|
Learn more| Print OK Cancel
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Hydration of C;A + CaO + CaSO, — system creation (recip&Empa

Materials Science and Technology

Check system definitions *kd 4= ©[ ¥ AV E = 8|

we keep carbonate In
this example

=> adds a very small
amount of C (102 M),
has a negligible effect

4

[ C3AGC3A-Cs:0:01:250: B

Missing ICs

[v C

' Mole amounts of some Independent Components (IC)

CONFLICT WARNING! E)(CLUDEALLl

are missing in the calculated bulk composition vector
(B_[i] < Pa_DB)!

POSSIBLE ACTIONS:

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

* RETAIN ALL missing ICs by inserting a default
mole amount (below) into bi_ vector cells;

* 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. Learn more...

Default amount, mol (editable)@ Cancel
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2 equivalent input options - ] Empa

Materials Science and Technology

GEMS interface

Recipe wizard (previous page) /Detailed input recipe

M GEM- Selektor 3 (GEMS3) - Geochemical Eqmllbnum Modellln by Gibbs E}/rgy Minimization - [EqStat: Single Therm.. { —(E] g

o —

"I Modules Record Data Calculate View Print Wlndow Help =l8]]
g;j@Bmglesst +E@$ 7( ¥ !-‘/Wl ﬂ‘ @‘|C3A—tut:G:C3A—Cs:D:D:1:25:0:
& T Input: System Definition | Results: Equilibrium State |
A ,' IPhase/species L T|On/|UC |Add to BC|UG |GO corr. |[UK 4|
/ ‘-) w-adq gen 29 a+ g 0 J 0
: Process #-gas gen 6 g+ g 0 J 0
Brlngs you i #-ettringite 2 s + g O J 0
always back [ QC‘ R 504_0511_1-?&‘1!1 2 s+ g J g
i D #-0H_S04 AFm : ¥ J
to this screen [ " ¢M° =-504_CO3_AFt all main C%me“}' hydrates J 0
« HE 2 gﬁmi?g AFt relevant to* the system 7 ¢
B am
GEM2MT
| w-Al (OH) 3mic CaO- A|203MCaSQ4-CaCO3 J 0 T
i |2F = Gibbsite g J 0
! #-Graphite 20 Incluied g 0 J 0
UnSpace #-Mayenite s+ g 0 J 0
| #-Aluminate 1 s + g 0 J 0
. e CA 1 s+ g 0 J 0
i Project w- CA2 1 s+ g 0 J 0
- C2RHTS 1 s + g 0 J 0
= C3AHG6 1 s+ g 0 J 0
= CAAH11 s + g 0 J 0
= CARH13 AFm with differen t H 0?content J 0 -
m.-CARH19 1 s -‘r 8] 0
v | >
System: T = 298.15K; P= 1.00 bar; V = 0 L; Aqueous: built-in Davies; pH = 0.000; pe = 0.000; IS =
L N N J
4
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Hydration of C;A + CaO + CaSO, - system creation (inputEmpa

Materials Science and Technology

SO,-AFt
solid solution
30-32 H,O

2 AFt solid solutions

containing

Input: System Definition | Results: Equilibrium State |

<« On/off switch for phase

Phase/species

=-pttringite
~ettringite

- ettringite30
#-504 OH AFm

o [SoZ_co3_Arc

~tricarboalu03
L efiringitel3 sS35

/§A693_so4 AFt

o tricarboalu03

#-Al (OH) 3am

Zj_u ------ Al (OH) 3mic

sulfate+carbonate

-Gibbsite
- Graphite
-Mayenite
-Aluminate

/504'AFt

for low water
content

with less water
(metaettringite;

‘\\

¢ CAAsH105

v C4AsH1Z2

o CAAsH14

o CAAsH16

i CAAsHY

- CA4ACHY
#--C4Ac0.5H105
#-C4Ac0.5H12
#-C4Ac0.5H9
N
4

6 CAR~HT

Monosijlfagté Wfth

(relevant fr: low w/c)

L |”(On/)UC |Add to BClUG |GO corr. |UK l:l
s T o] 0 J 0
M 0 J 0 M
I 0 J 0 M
+ 0 0 d
s+ g J I =|IC
+ g 0 J 0
M 0 J 0 M
M 0 0 M
+W\ g 0 J
M+ 0 J 0 M
T+ 0 7 0 umber ¢
5+ g 0 J 0
s+ g J 0 1: pure
5 + g 0 J 0 .
s+ g o0 g 0 > 2: solid
s + o] 0 J 0
5+ g 0 J 0
5+ g 0 0
5 + o} 0 0
5+ g 0 J \0
5+ g 0 J . .
- 0 s oNJ =junioren
) 5
bitate with 7 o M =majore
different waterscontent 7 9 of solid solu
J 0
S+ g U J 0
s + o] 0 J 0
5+ g 0 J 0
5+ g 0 J 0
5 + g 0 J 0
5+ g 0 J 0
5+ g 0 J 0
a + r n T n

2

[[eRINR

[Rv]

e el e e e ]

4

e = S R S

ol

System: T = 298.15K; P =

1.00 bar; V =

0 L; Aqueous: built-in Davies; pH = 0.000; pe = 0.000; IS =

D
wn

-

)f components
phase
solutions

d-member
nd-member
tion

leal solid solution
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Hydration of C;A + CaO + CaSO, - system creation (recip&Empa

Materials Science and Technology

Experimental conditions: React 5 g C;A, 2.52 g CaSO, and 2.5 g CaO
with 50 g water (add 1 g O, to simulate gas phase)

h +E@® 7(‘ ' ':lr ki 2{ V& ‘& 5'—'3‘ @ ‘|C3A—tut:G:C3A—C5:D:O:1:25:0:

I Compos DComp | Phase | IComp | Surfaces | Config | |3[},’[)1,’2[}18, 15:19I Detalled InpUt reCIpe
C3A + CaS04 ' =
- Description of experiment
|Masses| O‘ 1‘ 1‘ 1‘ O‘ U‘
|Volums| 1‘ 1HProcs | 0‘ O‘ O‘
AC |CCwvp Xa
0 + |AL(CH)3 MIN Aluminum-hydroxide.. g 0 )
1 |+ |Alz03 MIN Aluminum-oxide 1M g 0
2 |+ |Aqua AQ 1 mole H20 g 50| =——=>
3 |+ |Clz2Aa7 MIN Mayenite 1M g 0
4 |+ |C3A MIN Tricalcium alumina.. g 5| —>
5 |+ |C4A3s MIN Yeelimite 1M g 0 |nput generated before
6 |+ |CA MIN Calcium aluminate .. g 0 . .
7 |+ |CAZ2 MIN Calcium dialuminat.. g 0 —— by the InPUt wizard .
8§ |+ |[CH4 GA Methane 1M g 0 - >. 2 eqU|Va|ent Opt|0ns
9 [+ |co2 GA Carbon-dioxide 1M g 0 to input data
10 |+ |Ca(CH)2 MIN Calcium-hydroxide .. g 0
11 |+ |CacCo3 MIN Calcium-carbonate_.. g 0
12 |+ Ca0 MIN Calcium-oxide 1M g 2.5 >
13 |+ |CaS04 MIN Calcium-sulfate 1M g 2.52 >
14 |+ |CasS04_05HZ0 MIN hemihydrate 1M g 0] 77—
15 |+ Gypsum MIN Ca-sulfate-2HZ20-1M g 0
16 |+ |H2 GA Hydrogen 1M g 0 42
17 |+ H25 GA Hydrogen-sulfide 1.. g 0 :l




Hydration of C;A + CaO + CaSO, — system creation (recip&Empa

Materials Science and Technology

Experimental conditions: React 5 g C;A, 2.52 g CaSO, and 2.5 g CaO

with 50 g water (add 1 g O, to simulate gas phase)

/ Calculated during check

i e @ X

MEEYVE I =

r .
KO ‘|C3A:G:E3A—Cs:l}:l}:1:25:l}:

Compos | DComp Phase | I IComp Surfaces Config | 24/04/2019, 16:

- Summary of input in mol
J ™
IC |ICwvp B bi
0 + |Al Aluminum 0.037010516M 0
1 |+ |C Carbon le-009 M 1e-009
2 + Ca Calcium 0.11860702 M 0
3 + H Hydrogen 5.5508373 M 0
4 |+ |0 Oxygen 3.0113217M _
Al/SO, = 2

5 + S Sulfur 0.018510003 M A/S = Al,0,/SO; = 1
6 |+ |Zz Electric cha.. 0M D‘ 43




Hydration of C;A + CaO + CaSO, - calculation of equilibrithnpa

Materials Science and Technology

Experimental conditions: React 5 g C;A, 2.52 g CaSO, and 2.5 g CaO
with 50 g water (add 1 g O, to simulate gas phase)

Start calculation
@ X[¥ [

Convergence problem

can occur

1) Can be solved in «projects»
by setting smoothing
parameter to 0.01 eV
2) Remove solid solution with ;+z+f
only 1 solid

UnSpace

OF
e

Proje

L e e - —— L= _—

GEM IPM calculation (run time: 0.19 5) |

> 0% |
vstem: 1

C3A:G:C3A-Cs:0:0:1:25:0: ;,,:

¥ E06IPM: IPM Main Descent: X

IPM convergence criterion tolerance (Pa_DK) could not be -

reached {(more than Pa_llM iterations done); 11
C
OK )
pH 12.4786 | talcium a
pe 8.29314  rimite 1M
ium alum

IS | 0.0528814 ""-
:ium_dialL

Stop Cancel \ iane_lM_ a4

2 GA Carbon-dioxic



Convergence problem - workaround

@ Empa

Materials Science and Technology

mGEM—SeIeIctor3(GEMS3)—Ge0chemical Equilibrium Modelling by Gibbs Energy Minimization - [Project :: Numerical and Configuration ... - O
E.}. Modules Record Window Help _Jﬂ&
5@ |Pro1’ect ;I . +E@ * 7(| | 5aa0 |/'/\f H| 0 “CBA:Course:
o, |can:=:
1 I > Plists I Controls Settings | Config ||26f£]3f202[], 13:16
SysEq
rp) ITch Course Pa SPP| Tolerances and controls: GEMSGUI v.3.7.0 and GEMS3K v.3.7.0
Process Pa DK le-005 Pa TTM 7000 Pa LLG 30000 Pa AG 1) |pPa DGC 0.01
IEC. Pa DHB| le-013| |Pa DFY| 1e-005| 1e-0053| 1e-003| 1le-003| 1le-005| 1le-085| 1le-006
GtDemo
ﬂi; Pa DB | 1e-017||Pa DS | 1e-020||pa xmr| 1e-013| 1e-013| 1e-033] le-0f0| 1e-005
GEM2MT
[: Pa EPS| 1le-010 .001] | Pa GAN 1 1000 0.001) |pPa DG 1090
e Pa_DPV 130 1 0| |pa_DF 0.01 0.01| [pa DNS| 12.p5
%} I) Pa PE 1 |pa_PBC 2| |Pa_PRD 2| -5 1| |pa_DKRI| 1le-010
Project

2. Covergence tolerance parameter:

3. Minimum amount of stable phases:

use higher value, e.g. 1e-004,
maximum seems to be 5e-003

Do not touch the other values !!

use lower value, e.g. 1e-023

1. Smoothing parameter:

use low positive value, e.g. 0.01
=> 0.01 works




Hydration of C;A + CaO + CaSO, - calculation of equilibrium

d Technology

Experimental conditions: React 5 g C;A, 2.52 g CaSO, and 2.5 g CaO
with 50 g water (add 1 g O, to simulate gas phase)

Start CGlCUlation GEM IPM calculation (run time: 0.013 <
gt @ X[ ¥ =TV | € ::> IR AR ro0%
= H - - = V@j I_' 8 System:

| C3A:G:C3A-Cs:0:0:1:25:0:
Iter |1: 8: 330
(Gaseous 0.100025
Agueous 44 9396
Liquid 0
Solid 15.0804
pH 12.4765
pe 8.29621
IS | 0.0525917

Dismiss
1 =11 46




Hydration of C;A + CaO + CaSO, - results @Empa

Materials Science and Technology

m GEM-5elektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgStat: Single Thermodynamic System ..  — O X
u=Modules Record Data Calculate View Print Window Help _Jﬂ_&
$$ ISiﬂmE‘S‘fStem = h + H @ ﬂ X ‘ | 1 (:;—_3 J v I}-"p\u"r H ‘ O ‘ICBA:G:C3A—CS:U:U:1:25:U:
C3AT T Input: System Definition Results: Equilibrium State |
3 4 I £ - —
‘ Phase/species L T'| Zmount (mol) logSI/Bctivity Concentrat
il cole |D ag_gen 29 a 2.4932653 Z5.615e-09
gas_gen 5] g 0.0031708121 -1.23e-09
ettringite 2 s 0.000915958053 1.187e-08
504 OH AFm 2 s 0.00875%2363 -6.154e-08
OH 504 AFm 2 s 0.00875%2363 -6.154e-08
504 CO3 AFt 2 s 0 -0.03101
: C03 504 AFt 2 s 0 -0.03101
Calculated | | s R1(OH)3am 1 s 0 -3.174
single : 21 (OH) 3mic 1 s 0 -2.264
Gibbsite 1 s 0 -1.811
system Graphite 1 s 0 -84.68
Mayenite 1 5 0 -130.4
: Aluminate 1 s 0 -36.48
------ 5 Ch 1 s 0 -11.04 B
------ 5 CLZ2 1 s 0 -15.15%
------ 5 C2RHTS 1 s 0 -2.4¢5
------ 5 C3LHE 1 s 0 -0.9653
Praject d - 5 C4RH11 1 s 0 -3.156
Calculatlons C4RH13 1 s 0 -1.422
S C4RH19 1 s 0 -1.222
------ s  CAH10 1 s 0 -3.47
------ 5 C4nrsH105 1 s 0 -1.423
------ 5 C4nsH1Z 1 s 0 -0.07732
------ 5 C4nsH14 1 s 0 -0.05177 -
4| | >
System: T= 298.15K P= 100bar; V= 0.131L Agueous: built-in EDH(H);, pH = 12477, pe = 8296; IS= 0.053 m 7
4




Hydration of C;A + CaO + CaSO, - results

@ Empa

Materials Science and Technology

ﬂ GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgStat: Single Thermodyn

ol dules Record Data Calculate View Print Window Help

Name of P“‘L . - — - —

single 1‘&3@'5‘””'“5““ | F @ 7<| YO B VEIY =i| OH
System m Ercm:*:*:*:*:*:*:*: Input: System Definition Results: Equilibrium State |
3 4 £

I Phase/species L T'|Amount (mol) logs
2.5 mol aqueous phase _-—’-vT =g *2  ag gen 25 a 2.4932653 8.6
. . > g gas_gen € g 0.0031708121 -1.2
(water + dissolved ions) — /’[ s  ettringite 2 s 0.00091958053 1.18
Process — EIE SU4_UH_Arm T .00 o303 -6.1
] OH 3504 RAFm 2 5 0.008792363 -6.1
0.0032 mol gaseous phase |:}( il ST roTrrr 2 = ! ot
GtDemo = s  goliebselution between-monosulfate -o0.0
Ho 5 L 1{OH) 3anp ] s O -3.1
. = IC4AsH;,) and C,AH,;: .
SOlld DrOdUCtS.' o - 5 GlbbS:!_te 1 5 0 -1.8
e 5 Graphite 1 5 0 -84.
. . E- Mayenite 1 5 0 -130
0.0009 mol ettringite %/ ® 5 Aluminate 1 50 -36.
e 5 Cn 1 5 0 -11.
UnSpace w5 CA2 1 s 0 -15.
0.0176 mol monosulfate s GOAHTS L -0 54
o) Ho 5 C3LHG 1 5 0 -0.9
0.0418 mol portlandite Project ® 5 C4RHIL 1 50 3.1
5 C4RH13 1 5 0 -1.4
5 C4RH1S 1 5 0 -1.2
5 CRH10 1 5 0 -3.4
5 C4RsH105 1 5 0 -1.4
e 5 C4nsH12 1 5 0 -0.0
e 5 C4nsH14 1 5 0 -0.0

<
System: T= 29815K;, P=

1.00 bar; V =

0.131 L, Aqueous: built-in EDH(H); pH =



Hydration of C;A + CaO + CaSO, - results

Solid solutions

Phase/species L T'| Emount (mol) logSI/Activity Concentrat ®
] ag gen 29 a 2.4932653 -8.615e-09
H- gas Jgen 3] g 0.0031708121 -1.23e-058
= 5 ettringite 2 s 0.00091558053 1.187e-06
-------- ettringite I 0.00073534039 0.79965 0.79964763
-------- ettringite30 I 0.00018424014 0.200353 0.20035237
5 5 o502 OH AfMm 2. 5 U-000 /92303 ~0.103e-00
é -------- C4RH13 J 0.000591690195 0.0378465 0.10428391
L e monosulphatel?2 M 0.0078754¢61 0.6365918 0.89571605
-5 OH S04 AFm 2 5 0.008792363 ~6.154e-08
-------- C4RH13 M 0.0009169%0155 0.0378465 0.10428391
-------- monosulphatell J 0.007875461 0.836518 0.89571609
- S 504 CO3 AFt 2 s 0 -0.03101
-------- tricarboalul3 J 0O 0.002443¢7 0
-------- ettringitel3 ss M 0 0.529907 0
-5 (O3 S04 BAFt 2 s 0 -0.03101
-------- tricarboalul3 M 0 0.00244367 0
-------- ettringitel3 ss J 0 0.529907 0
=5  AL(CH)3am il s 0 —3.174
- Al10Ham o 0 0.000669352 0

ideal solid solution:

80 mol-%

ettringite-32H,0
20 mol-% ettringite-30 H,O

Non ideal solid solution:

Incomplete solid solution (hardly any CO; endmember; normally

@ Empa

Materials Science and Technology

not stable, can be deactivated:
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Hydration of C;A + CaO + CaSO, - system creation (recip&Empa

Input: System Definition

Results: Equilibrium State |

Materials Science and Technology

Phase/species

On/

g
!

Add to BC

(|
al

GO corr.

UK | Lower KC |Upper KC |KC type

E
£
£
E

ettringite
S04 OH_AFm
OH_SO4_AFm
S04_CO3_AFt
~~tricarboalu03
~-ettringite03 ss
CO3_S04_AFt
- tricarboalu03
~-ettringite03 ss
Al (CH) 3am
Al (CH) 3mic
Gibbsite

R IR

b SN

o e

i+ + +

TnnulgRuRqgulu unalg

+ 4+ A+

QOO E RO R QO

o I - I e I s T s T e e i i s s O s Y

[T Y SO Y Y Y T T Y S o

4

[T I Y - T e e - I e s s T i T e

M 0 1000000 B
M O 1000000 B

M O 1000000 B
M O 1000000 B

As we have very little carbonate in
the system in the first calculation
we may switch off the carbonate-
sulfate AFt solid solutions

(In the input page)
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Hydration of C;A + CaO + CaSO, - results

m GEM-5Selektor 3 (GEMS3) - Geochemical Equilibrium Maodelling by Gibbs Energy Minimization - [EgStat: Single Thermodynamic System ...

1;Modules Record Data Calculate View Print Window Help

@ Empa

Materials Science and Technology

>

=X

;3 @ ISin_quS'.rstem ;l h | + H @ $ | X ‘ | 1 (i‘:;:j / !-"p\,.-'r H ‘ 0 ‘ICBA:G:C3A—CS:U:U:1:25:U:
a C3p == == === I
Input: System Definition Results: Equilibrium State |

L

SysEq

Q0

Process

L%

GtDemo

Hik

GEM2MT

A

UnSpace

o

£,

Project

_I-a | 2 |

IT C3A-Cs ‘D |D

Phase/species i T'| Amount (mol) \ logSI/hctivity Concentrat.*
Fia adq gen 29 a 2.4932653 .643e-09
[ gas_gen 6 g 0.0031708119 2.854e-08
[ 5 ettringite 2 5 0.00091858291 Te-07 .
® 5 S04 OH AFm 2 s 0.0087923615 08 VleW
- 5 OH 504 AFm 2 5 0.0087%23615 2.748e-08
B 5 Ll (OH) 3am 1 s 0 -3.174 .
®-5  AL(OH)3mic 1 s 0 -2.264 detalled reSU|tS
[ 5 Gibbsite 1 5 0 -1.811
[ 5 Graphite 1 5 0 -B4.68
[ 5 Mayenite 1 5 0 -130.4
[ 5 Aluminate 1 5 0 -36.48
- 5 Ch 1 5 0 -11.04
- 5 CR2 1 5 0 -15.19
- 5 C2RHTS 1 5 0 -2.489 _
- 5 C3RHG 1 5 0 -0.9693
- 5 C4RHI11 1 5 0 -3.156
- 5 C4RH13 1 5 0 -1.422
- 5 C4RH1S 1 5 0 -1.222
- 5 CRH10 1 5 0 -3.47
- 5 C4RsH105 1 5 0 -1.423
- 5 C4RsH12 1 5 0 -0.07732
- 5 C4RsH14 1 5 0 -0.05177
- 5 C4RsHle 1 5 0 -0.1373
- 5 C4RsHS 1 5 0 —-3.442 -
4| | 3

& System: T= 298.15K; P =

1.00 bar; V =

0.131 L, Agueous: built-in EDH(H); pH = 12477, pe = 8296; IS = 0.05

General information: pH, ionic strength, redox, ...
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Hydration of C;A + CaO + CaSO, - results

@ Empa

Materials Science and Technology

Detailed information about composition of aqueous, gaseous and solid phases

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgDemo : C3A:G:C3A-Cs:0:0:1:25:0:]

:I-Modules Record Data Calculate View Print Window Help

’3@ IEqDemo ;l h + H @ * X ‘ 1 (i;__’ / W ‘ﬁ ._Ea ‘ o “C3A:G:C3A—Cs:0:0:1:25:0:
@ gI 3 I EqIC 1@ EqDC I EqSurf I EqunJ ‘26{03[2020, 13:36
% ITC3A—C5 0 can ‘Sﬁlid haseS total Volume Mass
M) ___ p amount [cm?3] [g]
Process [mOl]
PHnam L1 |Xa Fa phvol phM

l;c, 0 |a ag gen 29 2.4932653 1.6432721e-009 44.954034 14939538 Mgo4-AFt = 1159
Gtbemo 1 |g gas gen 6  0.0031708119 2.3535764e-008 76.603512|  0.10002508 )/
Hi; 2 |s ettringite 2|  0.00091858291| -2.607211e-007 0.65031459 1.1475405
GEM2MT 3 |s sS04 oH AFm 2 0.0087923615 2.7476736e-008 2.693842 5.4165243
% 4 |s OH S04 AFm 2 0.0087923615 2.7476736e-008 2.693842 5.4165243

5 |s &l(oH)3am 1 0 -3.1743193 0 w
Jnspace 6 |s Al(oH)3mic 1 0 -2.2643225 0 L Mso4-AFm = 10.83 9 ]
¥y
r 'ﬁ. 7 |s Gibbsite 1 0 -1.8111723 0 0
Project 8 |s Graphite 1 0 -84.684686 ] 0

9 5 Mayenite 1 0 -130.374¢7 0 0

10 |s Aluminate 1 0 -36.461442 0 0

11 [s ca 1 0 -11.0420865 0 0

12 |s a2 1 0 -15.191921 0 0

s C2RHTS 1 0 -2.4694892 0 0

ry
—
W

/

[ Mpg tiandite = 3.10 g9 J
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Hydration of C;A + CaO + CaSO, - results @®Empa

Technology

Comparison to experiments:
Hydration of C;A at SO5/AlL,O; = 1, cured 28 d at 25°C, solid phases by XRD

300

SO4-AFm
250+

N

o

o
|

150+

Intensity [cps]

100+ . )
00 Portlandite SO4 AFmSO4-AFm

501 SO4-AFt Portlandite
SO4-AFt SO4-AFt

5 | | 15 | | 25
[20] Cukq Matschei 2007

Qualitatively very good agreement between experimental and calculated results

Phase assemblage SO,-AFm - SO,-AFt - portlandite - ag. predicted and observed.
Quantification with help of GEMS possible.
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Hydration of C;A + CaO + CaSO, - results @Empa

Materials Science and Technology

Composition of aqueous phase

N

‘“ EqPh EqDC EqSurf EqGen 26/03/2020, 13:36
c3a + casod Output: total molalities
- in aqueous phase

(mol/kg H,0O)
ICnam|b |Cb u lgm t m t ICnam

0 Al .. 0.037010516l 1.3578%17e-017 —-324.527485 -4 .3723484 4.2427%04e-005 A1
1 C v le-005|-2.6864406e-02¢ —-19%4.55841 -7.651955¢6 2.2286631e-008|C
2 Ca . 0.11860702|-1.5518762e-017 —-266.15404 -1.6910673 0.0203e7266|Ca
3 H 5.5508373 1.241501e-01¢ -47.8305%¢ -1.390652 0.040676917 H
4 ] v 3.0113217)1-9.3112574e-017 -0.016474237 -1.363145%¢ 0.043336159 /0
5 s - 0.018510003 0 -275.13628 -5.1208648 7.5706847e-006|3
© iz . 0 2.0011e87e-020 15.102731 O —-6.3250455e-01% |2z

Log,, of total
total mol in molalities

system (input)
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Tutorial - single systems: hydration of C;A ®Empa

Hydration of C;A (CasAl,0,)?

1) Simulation of reaction C;A + CaO + CaSO,  Guided tutoriz

—

2) Simulation of reaction C;A + CaO + CaCO;,

3) Simulation of reaction C;A + CaCO, i"d'v'dk“al
wor

4) Simulation of reaction C;A + C + CaSO, + CaCO;,

See Seligmann & Greening ICCC 1969 and various papers by Kuzel et al. (Kuzel & Pollmann CCR
1991, Kuzel et. al CCR 1996) for experimental verification
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Hydration of C,A + CaCO, @Empa

Experimental problem part 2:
Reaction of C;A with CaO plus calcium carbonate

59 C;A + 1.86 g CaCO; + 2.5 g CaO + 50 g H,0
+ 0.7 g O, (oxidizing conditions, CO,-free = no carbonation)

molar ratio SO5/Al,O; = 0, molar ratio CO,/Al,O; = 1

Experimental problem part 3:
Reaction of C;A with calcium carbonate (no surplus of CaO)

59CA +1.86gCaCO; + 50g H,0

+ 0.7 g O, (oxidizing conditions, CO,-free = no carbonation)
molar ratio SO5/Al,O; = 0, molar ratio CO,/Al,O; = 1
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Hydration of C;A + CaCO; + CaSO, @Empa

Materials Science and Technology

Experimental problem part 4:

Reaction of C;A with CaO0, calcium carbonate, calcium sulfate
59 GA + + 1.86 g CaCO; + 2.52 g CaSO, + 2.5 g CaO
+ 50 g H,O

+ 0.1 g O, (oxidizing conditions, CO,-free = no carbonation)

molar ratio SO;/Al,O; = 1, molar ratio CO,/Al,O; = 1

> Equilibrium speciation
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Hydration of C;A + CaCO, and/or CaSO, @Empa

Experimental problem part 2 - 4

Hints:
= Create new system for part 2
= Keep carbonate solid solutions switched on

= For part 3 + 4 it might be convenient to clone the system
from part 2 (only if we keep S in the system)
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