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Thermodynamic modelling

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

2. What is GEMS?
3. Installation of GEMS
4. First tutorials

• Calculation of single systems:
– Equilibrium C3A, gypsum, portlandite

• Parameter variations (process)
– calcite, temperature, …



2 Thermodynamic modelling

Gypsum: 
CaSO4ꞏ2H2O

H2O

Example chemical equilibria: Gypsum in a glass of water

Reaction:
CaSO4ꞏ2H2O  Ca2+ + SO4

2- +2H2O

SO4
2-Ca2+

Solubility product
KS0 = {Ca2+}ꞏ{SO4

2-}ꞏ{H2O}2/{CaSO4ꞏ2H2O}
KS0 = {Ca2+}ꞏ{SO4

2-} = 10-4.58

{} : activity; []: concentration

{Ca2+} = [Ca2+] Ca2+

Gypsum CaSO4ꞏ2H2O
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Solubility product

KS0 = {Ca2+}ꞏ{SO4
2-} = 10-4.58

Reaction:
CaSO4ꞏ2H2O  Ca2+ + SO4

2- +2H2O

2 Thermodynamic modelling

Gypsum: 
CaSO4ꞏ2H2O

H2O

SO4
2-Ca2+

Gypsum CaSO4ꞏ2H2O

CaOH+

Complex formation: Equilibrium constants
K = {CaOH+}/{Ca2+}ꞏ{OH-} = 101.22

K = {CaSO4
0}/{Ca2+}ꞏ{SO4

2-} = 102.3

K = {H+}ꞏ{OH-} = 10-14.00

CaSO4
0

H+OH-

Example chemical equilibria: Gypsum in a glass of water



Solubility products
KS0 = {Ca2+}ꞏ{SO4

2-} = 10-4.58

KS0 = {Ca2+}ꞏ{OH-}2 = 10-5.20

Equilibrium constants
K = {CaOH+}/{Ca2+}ꞏ{OH-} = 101.22

K = {CaSO4
0}/{Ca2+}ꞏ{SO4

2-} = 102.3

K = {H+}ꞏ{OH-} = 10-14.00

2 Thermodynamic modelling

H2O

Chemical equilibria:

SO4
2-Ca2+

Gypsum CaSO4ꞏ2H2O

CaOH+

CaSO4
0

H+OH-

Gypsum KOH
1 Concentration of Ca, SO4?

2 What happens if we add KOH? ?



Solubility of gypsum

Gypsum

KS0 = {Ca2+}ꞏ{SO4
2-} = 10-4.58

{Ca2+} = {SO4
2-} = 10-4.58/2 = 0.0051 mol/l (activity scale)

{CaSO4
0} = {Ca2+} {SO4

2-} * 102.3

Catot = [Ca2+]  + [CaSO4
0] + [CaOH+] (negligable at pH < 11.5)

= [Ca2+]+102.3*Ca
2/CaSO*[Ca2+]2 

= [Ca2+]  + 34 * [Ca2+]2

= 0.012 + 34 * 0.0122 = 0.017 mol/l

Catot = SO4 tot = 17 mmol/l

=>  Calculation easier with geochemical softwares

{Ca2+} = *[Ca2+] = 0.42[Ca2+]; 
[Ca2+] =10-2.29/0.42=0.012 mol/l => 12 mmol/l (concentration)

Dissolved complexes

Ca2+ conc

Catot



+KOH?

Solubility of gypsum

Gypsum
Portlandite



Solubility of portlandite

Ca

OH-

Portlandite



Solubility of gypsum

Gypsum Portlandite



Codes

Complex systems

Geochemical codes needed for calculation:

 Geochemical database
 User interface: problem formulation
 Problem solving



Geochemical Codes
Freeware
 GEMS 3.7 http://gems.web.psi.ch/

solid solutions, kinetics, fitting, transport modelling
(Used in this course)

 PHREEQC http://www.hydrochemistry.eu/
transport modelling

 MINTEQA2 https://www.epa.gov/
ceam/minteqa2-equilibrium-speciation-model

Commercial products
 MINEQL+ http://www.mineql.com/
 CHESS



Thermodynamic database

Cemdata07, 18

AFm

SO4-AFm

OH-AFm
CO3-AFm
hemicarb.
strätlingite

Al-AFm

Fe-AFm

solid 
solution

AFt

SO4-AFt

CO3-AFt
thaumasite

Fe-AFt

Al-AFt

hydrogarnet

C3AH6

C3FS0.84H4.32

C3AS0.84H4.32solid 
solution

C-S-H

PSI/Nagra TDB

• Aqueous phase
(Ca2+, Ca(OH)+, …)
• Gaseous phase

(e.g. CO2 (g), ...)
• Minerals
(calcite, gypsum,
portlandite, …)

solid 
solution

solid 
solution

Data based on solubility measurements at different 
temperatures + solid phase characterisation

Cemdata18 additions:
Cl2-, NO3-, NO2-AFm, 
relative humidity, M-S-H, 
zeolites, C-N-A-S-H, …

Generic data

Ca0.67SiH1.5

C0.83S0.67H1.8

C1.3SH2.17

C1.5S0.67H2.5



Thermodynamic modelling

Define quantities of
• water, 
• solids: gypsum, calcite, C3A, C3S,…
• liquids: H2SO4, …
• gas: CO2, N2, …
… at the user interface of the respective programme

1. Geochemical programme 

2. Thermodynamic data 

3. Problem formulation:

13



Input

O2 added to ensure oxidising conditions



Results 1
Solids: amount in g, mol, cm3,…



Results 2
Aqueous concentrations (mg/l, mM, …)

16
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3 GEMS

What is GEMS? 

Gemse (chamois)

Gemstone

GEMS TM:
Gibbs  Energy Minimization Software 

for Thermodynamic Modelling



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

Installation of GEMS 3
http://gems.web.psi.ch/ 
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2)

4)

1)



Installation Windows

• Install the programme in C:\GEMS370
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
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Opens existing projects
Creation of new projects

Access to thermodynamic database
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Installation of cement database
1. Close GEMS
2. Get cemdata18 at https://www.empa.ch/web/s308/thermodynamic-data

3. unzip cemdata18 database
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Installation of cement database
1. Close GEMS
2. Get cemdata18 and unzip folder
3. Copy all files (without folder!) from the folder Cemdata18 into the directory 

C:\GEMS345/GEMS3-app/Resources/DB.default
4. Open GEMS and cemdatabase will be available for «new projects»
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GEMS structure

calculations

Thermodynamic database

for experienced users

Single calculations
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Opens 
projects

Access database

Single 
calculations

Processes: 
programming
of single
calcualtions

Numerical
settings
Normally
not used



26

Single 
calculations

Active single
calculation

Create new
record

save

Next/previous
single calculation

delete

Clone record

recipe

Check for
conflicts

calculate

tooltips

results

Continue with tutorial C3A



First Tutorial – single systems: hydration of C3A
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Hydration of C3A (Ca3Al2O6)a

1) Simulation of reaction C3A + CaO + CaSO4

2) Simulation of reaction C3A + CaO + CaCO3

3) Simulation of reaction C3A + CaCO3

4) Simulation of reaction C3A + C + CaSO4 + CaCO3

See Seligmann & Greening ICCC 1969 and various papers by Kuzel et al. (Kuzel & Pöllmann CCR
1991, Kuzel et. al CCR 1996) for experimental verification

Guided tutorial

Individual
work

a cement notation C => CaO A => Al2O3

S => SiO2 H => H2O
s => SO3 c=> CO2



Hydration of C3A + CaO + CaSO4 – project setup
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Hydration of C3A + CaO + CaSO4 – project setup
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Hydration of C3A + CaO + CaSO4 – project setup
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Select CEMDATA18 (3rd party data base)

General psi-nagra database

Cement database

Recommended selection for PC and blended cements



Hydration of C3A + CaO + CaSO4 – project setup
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Select elements necessary to model C3A hydration

Air: O2, N2, etc.
(no reducing

conditions,
N2 not reactive)

„reactive N“
(don‘t use here)

we can also use
just oxygen (O2)

needed for parts
2+3 of the tutorial



Hydration of C3A + CaO + CaSO4 – project setup
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Select model for calculation of the aqueous phase

1.

2.

1) KOH good for
cements

2) f(pressure, temp)
-> electrolyte

a0=3.67 for KOH
b0= 0.123

Calculates
activity of water

More details



Activity coefficients
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Solubility product e. g. of gypsum
KS0 = {Ca2+}·{SO4

2-}·{H2O}2/{CaSO4·2H2O}
KS0 = {Ca2+}·{SO4

2-} = 10-4.58

{ } : activity; [ ]: concentration
{Ca2+} = [Ca2+] · Ca2+ Activity coefficicient

Correction of concentrations by activity coefficients, as
the ions „feel“ their neighbours (other ions, solvent).
Activity coefficients depend mainly on:
 ionic strength
 other ionic species
 temperature



Activity vs. ionic strength 
– selecting the right aqueous electrolyte model
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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

Debye-Hückel

Extended
Debye-Hückel

Davies

bI
IBa
IAZ

Ca 





1
log

2

2

)3.0
1
(log 2

2 I
I
IAZ

Ca





IBa
IAZ

Ca 




1
log

2

2 I < 0.1 M

0.1 < I <0. 5 M

common a, common b (Helgeson)

individual a, common b (Truesdell-Jones) I < 1 M

I < 1-2 M

individual a, no b
I < 0.3M

kCa
m

I
IAZ 




 
5.11

log
2

2 I < 3 M

ionic strength

SIT



Hydration of C3A + CaO + CaSO4 – project setup
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Project name

Method (Gibbs f
energy minimization)
System definition

Integer (default 0)
System volume
unconstrained
Pressure (bar)
Temperature (°C)

Avoid special signs such as $ & % ä ö ü æ å ø 好 ...



Hydration of C3A + CaO + CaSO4 – system creation (recipe)

We need a receipe

comments



Hydration of C3A + CaO + CaSO4 – system creation (recipe)
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1 Reaction of C3A with calcium sulfate

5 g C3A + 2.52 g CaSO4 + 2.5 g CaO + 50 g H2O

+ 0.1 g O2 (oxidizing conditions, CO2-free = no carbonation)

molar ratio SO3/Al2O3 = 1, molar ratio CO2/Al2O3 = 0

Reaction products? Expectation: monosulfate
Ca4Al2O6SO4 12H2O
No ettringite
Ca6Al2O8S3O12 32H2O



Hydration of C3A + CaO + CaSO4 – system creation (recipe)
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A bit of O2 to
guarantee oxidizing
conditions



Hydration of C3A + CaO + CaSO4 – system creation (recipe)
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Check system definition

we keep carbonate in 
this example

=> adds a very small 
amount of C (10-9 M),
has a negligible effect



GEMS interface

Brings you
always back
to this screen all main cement hydrates

relevant to the system
CaO-Al2O3-CaSO4-CaCO3-
H2O included

…

Recipe wizard (previous page) Detailed input recipe

2 equivalent input options

40

AFm with different H2O content



Hydration of C3A + CaO + CaSO4 – system creation (input)
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On/off switch for phases

Number of components
1: pure phase

≥ 2: solid solutions2 AFt solid solutions 
containing 
sulfate+carbonate

SO4-AFt
with less water
(metaettringite; 
for low water
content

J = junior end-member
M = major end-member
of solid solution

SO4-AFt
solid solution
30-32 H2O

I = ideal solid solution

Monosulfate with
different water content
(relevant for low w/c)



Hydration of C3A + CaO + CaSO4 – system creation (recipe)

42

Experimental conditions: React 5 g C3A, 2.52 g CaSO4 and 2.5 g CaO
with 50 g water (add 1 g O2 to simulate gas phase)

Description of experiment

Detailed input recipe

Input generated before 
by the input wizard
=> 2 equivalent options
to input data



Hydration of C3A + CaO + CaSO4 – system creation (recipe)
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Experimental conditions: React 5 g C3A, 2.52 g CaSO4 and 2.5 g CaO
with 50 g water (add 1 g O2 to simulate gas phase)

Calculated during check

Summary of input in mol

Al/SO3 = 2
A/S = Al2O3/SO3 = 1



Hydration of C3A + CaO + CaSO4 – calculation of equilibrium
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Start calculation

Experimental conditions: React 5 g C3A, 2.52 g CaSO4 and 2.5 g CaO
with 50 g water (add 1 g O2 to simulate gas phase)

Convergence problem
can occur
1) Can be solved in «projects»
by setting smoothing
parameter to 0.01
2) Remove solid solution with
only 1 solid



Convergence problem - workaround
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1. Smoothing parameter:
use low positive value, e.g. 0.01

2. Covergence tolerance parameter:
use higher value, e.g. 1e-004,
maximum seems to be 5e-003

3. Minimum amount of stable phases:
use lower value, e.g. 1e-023

Do not touch the other values !!! => 0.01 works



Hydration of C3A + CaO + CaSO4 – calculation of equilibrium
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Start calculation

Experimental conditions: React 5 g C3A, 2.52 g CaSO4 and 2.5 g CaO
with 50 g water (add 1 g O2 to simulate gas phase)



Hydration of C3A + CaO + CaSO4 – results
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Calculated
single
system

Calculations



Hydration of C3A + CaO + CaSO4 – results

2.5 mol aqueous phase
(water + dissolved ions)

0.0032 mol gaseous phase

Solid products:

0.0009 mol ettringite

0.0176 mol monosulfate

0.0418 mol portlandite

solid solution between monosulfate 
(C4AsH12) and C4AH13

Name of
single
system



Hydration of C3A + CaO + CaSO4 – results
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Solid solutions

Non ideal solid solution:

10 mol-% C4AH13

90 mol-% C4AsH12

ideal solid solution:

80 mol-% ettringite-32H2O
20 mol-% ettringite-30 H2O

Incomplete solid solution (hardly any CO3 endmember; normally
not stable, can be deactivated:



Hydration of C3A + CaO + CaSO4 – system creation (recipe)
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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)



Hydration of C3A + CaO + CaSO4 – results
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View
detailed results

General information: pH, ionic strength, redox, …



Hydration of C3A + CaO + CaSO4 – results
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Detailed information about composition of aqueous, gaseous and solid phases

Solid phases total 
amount 

[mol]

Volume
[cm3]

Mass
[g]

mSO4-AFm = 10.83 g

mSO4-AFt = 1.15 g

mPortlandite = 3.10 g



Hydration of C3A + CaO + CaSO4 – results
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SO4-AFmSO4-AFm

SO4-AFt

Portlandite

Comparison to experiments:
Hydration of C3A at SO3/Al2O3 = 1, cured 28 d at 25°C, solid phases by XRD

Qualitatively very good agreement between experimental and calculated results 
Phase assemblage SO4-AFm - SO4-AFt - portlandite - aq. predicted and observed.
Quantification with help of GEMS possible.

Matschei 2007



Hydration of C3A + CaO + CaSO4 – results
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Composition of aqueous phase

Output: total molalities
in aqueous phase
(mol/kg H2O)

total mol in 
system (input)

Log10 of total 
molalities



Hydration of C3A (Ca3Al2O6)a

1) Simulation of reaction C3A + CaO  + CaSO4

2) Simulation of reaction C3A + CaO + CaCO3

3) Simulation of reaction C3A + CaCO3

4) Simulation of reaction C3A + C + CaSO4 + CaCO3

See Seligmann & Greening ICCC 1969 and various papers by Kuzel et al. (Kuzel & Pöllmann CCR 
1991, Kuzel et. al CCR 1996) for experimental verification 

Tutorial – single systems: hydration of C3A
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Guided tutoria

Individual
work



Hydration of C3A + CaCO3
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Experimental problem part 2:
Reaction of C3A with CaO plus calcium carbonate

5 g C3A + 1.86 g CaCO3 + 2.5 g CaO + 50 g H2O

+ 0.1 g O2 (oxidizing conditions, CO2-free = no carbonation)

molar ratio SO3/Al2O3 = 0, molar ratio CO2/Al2O3 = 1

Experimental problem part 3:
Reaction of C3A with calcium carbonate (no surplus of CaO)

5 g C3A + 1.86 g CaCO3 + 50 g H2O

+ 0.1 g O2 (oxidizing conditions, CO2-free = no carbonation)
molar ratio SO3/Al2O3 = 0, molar ratio CO2/Al2O3 = 1



Hydration of C3A + CaCO3 + CaSO4
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Experimental problem part 4:

Reaction of C3A with CaO, calcium carbonate, calcium sulfate

5 g C3A + + 1.86 g CaCO3 + 2.52 g CaSO4 + 2.5 g CaO
+ 50 g H2O
+ 0.1 g O2 (oxidizing conditions, CO2-free = no carbonation)

molar ratio SO3/Al2O3 = 1, molar ratio CO2/Al2O3 = 1



Hydration of C3A + CaCO3 and/or CaSO4
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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)


