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Lecture 3
Hydrated Portland cement

Process calculations: Part 1

Frank Winnefeld

Software development/fitting
tools/kinetic:
Dmitrii Kulik
Dan Miron

Tutorial – process: hydration of Portland cement

Hydration of Portland cement

1) Hydration of PC - single system

2) Influence of limestone on hydration of PC 
– process file
a) Mass based output
b) Volume based output
c) Composition of aqueous phase

3) Influence of fly ash on hydration of PC
– process file
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Single file - hydration of Portland cement

Hydration of a Portland cement

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

 A cement composition from literature is used.

 100% hydration with w/c = 0.50 at 20°C is assumed 
(other assumptions are possible).
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Single file - hydration of Portland cement
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Single file - hydration of Portland cement
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Single file - hydration of Portland cement

Select CEMDATA18 (3rd party data base)

General psi-nagra database

Cement database
Deactivate;  special data for alkali
activated cements

Data for solid solutions
(in cemdata)

PC

Data for hydrotalcite

Recommended selection for PC and blended cements

1 CSH model selected:  «CSHQ»
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Single file - hydration of Portland cement

Select main elements present in PC
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Single file - hydration of Portland cement

Select model for calculation of the aqueous phase

1.

2.

1) constant, 
-> select at 298 K

2) f(pressure, temp)
-> electrolyte

a0=3.67 for KOH

Calculates
activity of water

More details
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Activity coefficients

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

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
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Single file - hydration of Portland cement
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Single file - hydration of Portland cement

Use recipe wizard to enter PC composition

PC = predefined composition

12
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Single file - hydration of Portland cement

Composition of a PC without limestone addition

Available in CEMDATA18 as predefined
composition «PC»
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*

* Not completely without, as some
CaCO3 is present, mainly impurity of the
calcium sulfate set regulator

Single file - hydration of Portland cement

all main cement hydrates 
included in this project

…
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Single file - hydration of Portland cement

C-S-H is modeled as a solid solution of 6 different species:

CSH-JenD = (CaO)1.5·(SiO2)0.6667·(H2O)2.5

CSH-JenH = (CaO)1.333·(SiO2)1·(H2O)2.1667

CSH-TobD = [(CaO)1.25·(SiO2)1·(H2O)2.75]0.6667

CSH-TobH = (CaO)0.6667·(SiO2)1·(H2O)1.5 Kulik D.A., Cem. Concr. Res. 41 (2011), 477.

The 4 C-S-H species are in ss with (hypothetical) Na- and K-silicates to model alkali
binding by C-S-H.
Lothenbach, B., Kulik, D., Matschei, T., Balonis, M., Baquerizo, L., Dilnesa, B.Z., Miron, D.G., Myers, R. (2019) Cemdata18: A chemical 
thermodynamic database for hydrated Portland cements and alkali-activated materials Cement and Concrete Research, 115, 472-506.
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Single file - hydration of Portland cement

Before calculation, deactivate the
following phases:
 Goethite, hematite, quartz, …

(form at high temperature after long times)
 C3AH6, gibbsite (depending on reaction 

time), …
 Thaumasite (formation fast at low temp. 

Very slow at ambient temp and above)
 others:

Etttringite Al/Fe ss
Monosulfate Al/Fe ss
C4AH13, C4AH19

In general it is recommended:
 Use either the pure phase or the ss (deactivate

the other); in this case C4AH13 & C4AH19

 Look at the results, 
compare with experimental data !



9

Single file - hydration of Portland cement

Experimental conditions: React 100 g PC with 50 g water (add 0.1 g air CO2-free)

136.6 g solid cement 
paste

13.4 g pore solution

solid

gas
liquid

1. 2.

pH = 13.58

“+” =oxidising

Ionic strength  = 0.35 M
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Convergence problem - workaround

Smoothing parameter:
use low positive value, e.g. 0.01

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

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

In case of problems
Do not touch the other values !!! 18
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Single file - hydration of Portland cement

Predicted stable
phase assemblage

Si-Hydrogarnet

C-S-H
ettringite

monocarbonate

hemicarbonate

portlandite

hydrotalcite

limestone (0.6 M.-% in the system) 
fully reacted
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Single file - hydration of Portland cement

Composition of C-S-H

36.9 mol-% CSH-JenD = (CaO)1.5·(SiO2)0.6667·(H2O)2.5

23.1 mol.-% CSH-JenH = (CaO)1.333·(SiO2)1·(H2O)2.1667

27.3 mol.-% CSH-TobD = [(CaO)1.25·(SiO2)1·(H2O)2.75]0.6667

1.1 mol.-% CSH-TobH = (CaO)0.6667·(SiO2)1·(H2O)1.5

6.1 mol.-% KSiOH = [(KOH)2.5 SiO2 H2O]0.2

5.5 mol.-% NaSiOH = [(NaOH)2.5 SiO2 H2O]0.2

C-S-H solid solution: 0.022 K2O · 0.020 Na2O · 1.580 CaO · 1 SiO2 · 2.873 H2O
=> Ca/Si = 1.58

Al-intake in C-S-H: In preparation

For alkali activated slag use
CNASH_ss model:
See: Myers et al., Cem. Concr. Res. 66 (2014), 
27-47.
(provided separately in CEMDATA18 as “aam”)

20
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Single file - hydration of Portland cement

Composition of C-S-H (scroll down, data in 2nd table)

Summary C-S-H solid solution :

bXa[{CSHQ}][{Si}]

bXa[{CSHQ}][{Na}]

C-S-H solid solution: 0.022 K2O · 0.020 Na2O · 1.580 CaO · 1 SiO2 · 2.873 H2O
Ca/Si = 1.58, K/Si = 0.044, Na/Si = 0.039 (K/Ca = 0.028, Na/Ca = 0.025)

Syntax for use in process calculations
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Single file - hydration of Portland cement

Presence of hydrogarnet

Iron-containing siliceous hydrogarnet is modelled as a solid solution with the following
end members:
C3A0.5F0.5S0.84H4.32 and C3FS0.84H4.32 => Al/Fe ≈ 1
Al/Fe ratios > 1 are not considered due to experimental findings on hydrated cement pastes with
«normal» curing times (up to a few years). 
The data for C3AS0.42H5.16 and C3AS0.84H4.32 are deactivated but would be available in the database.

B.Z. Dilnesa, B. Lothenbach, G. Renaudin, A. Wichser, D. Kulik, Synthesis and characterization of hydrogarnet 
Ca3(AlxFe1-x)2(SiO4)y(OH)4(3-y), Cem Concr Res 59 (2014) 96-111.
B.Z. Dilnesa, E. Wieland, B. Lothenbach, R. Dähn, K. Scrivener, Fe-containing phases in hydrated cements, Cem. Concr. Res. 58 
(2014) 45–55.

22
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Single file - hydration of Portland cement

Presence of hydrogarnet

Room temperature: only C3AH6 and C3FSxH6-2x forms, but no C3ASxH6-2x
C3ASxH6-2x forms only at 110 C°, altough stable at 20 °C

However, mixed C3A0.5F0.5SxH6-2x form
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Single file - hydration of Portland cement

Low temperature Fe-siliceous hydrogarnet  poorly crystalline
=> difficult to detect by XRD => selective extraction
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Fe- siliceous hydrogarnet in hydrated PC
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Single file - hydration of Portland cement

Si-hydrogarnet in hydrated PC

B.Z. Dilnesa, E. Wieland, B. Lothenbach, R. Dähn, K. Scrivener, Fe-containing
phases in hydrated cements, Cem. Concr. Res. 58 (2014) 45–55.

20°C

50°C
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Single file - hydration of Portland cement
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Siliceous hydrogarnet (PC blended with fly ash)
Deschner F., Lothenbach L., Winnefeld F., Neubauer J.: Effect of temperature on the hydration of Portland cement blended 
with siliceous fly ash, Cement and Concrete Research 52 (2013), 169-181.
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Single file - hydration of Portland cement

Si-hydrogarnet in hydrated ACSA
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The reflections of the siliceous hydrogarnet (HG) were 
best matched by a hydrogarnet of the composition 
C3A0.5F0.5SH4.

Chitvoranund N., Winnefeld F., Hargis C.W., Sinthupinyo S., Lothenbach B.: Synthesis and hydration of alite-calcium 
sulfoaluminate cement, Advances in Cement Research 29 (2017), 101-111.

After selective extraction

before selective extraction
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Single file - hydration of Portland cement

Hydrated cement composition – summary
 possibility to apply GEMS to simulate hydrated cement 
 use metastability constraints (e.g. goethite suppressed)
 use either oxide composition or phase composition as input
 iron and alkalis present in real “PC”

thus to improve accuracy of the calculation one has to consider:
 Iron containing phases (mainly hydrogarent important

(Möschner et al. Geoch. Cosm. Acta 2007, Dilnesa et al. CCR 2014a+b
included in the cement database)

 Sorption of alkalis on C-S-H , good proxy, not perfect                                             
(experimental data: Hong and Glasser CCR 1999, included in the database)

 Sorption of sulfate on C-S-H
(experimental data: Divet et al. CCR 1998, Barbarulo et al. 2002, Skapa PhD Thesis U. Aberdeen, 
2009) not included

 Substitution of alumina  (Richardson CCR 1994, Chen et al. ICCC 2007, 
Pardal et al. CCR 2009 & Inorg. Chem. 2012, ongoing work based on CASH I+II projects at Empa,
for alkali activated slags use CNASH_ss model by Myers et al., CCR 2014, provided separately as 
aam for GEMS)

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