
2) Influence of temperature
a. Experimental evidence

b. Temperature extrapolation

c. Blended systems
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Influence of temperature:
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5 °C, 150 days
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50 °C, 150 days

AFm
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XRD, 150 days
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Solubility of  monosulfate

Matschei et al. (2007), CCR 37, 1379-1410

-31

-30

-29

-28

0 20 40 60 80 100

Temperature [°C]

ca
lc

. s
ol

u
b

il
it

y 
p

ro
d

u
ct

 lo
g 

K
sp

 

4)

2)

3)
3)

3)

6)5)

1)

1) D'Ans  1953

2) Jones   1944

3) Atkins 1991

4)Zhang     2000

5)Zhang     1980

6)Kalousek 1941

1E-3 0.01 0.1 1 10 100 1000
0

10

20

30

40

50

60

70

80

90

100

110

120

130

gypsum

monocarbonate

calcite

C-S-H

ettringite

aluminate
ferrite portlandite

belite

alite

g
/1

0
0

 g
 c

e
m

en
t

hydration time [days]

Hydration: 20 °C 

0 0.01 0.1 1 10 100 1000
hydration time [days]

0

20

40

60

80

100

120

V
ol

um
e 

  [
cm

3 /
10

0g
 c

em
en

t]

Lothenbach et al. (2008), CCR 38, 



1E-3 0.01 0.1 1 10 100 1000
0

10

20

30

40

50

60

70

80

90

100

110

120

130

gypsum

monocarbonate

calcite

C-S-H

ettringite

aluminate
ferrite portlandite

belite

alite

g
/1

0
0

 g
 c

e
m

en
t

hydration time [days]

hydration: 5 °C 

0 0.01 0.1 1 10 100 1000
hydration time [days]

0

20

40

60

80

100

120

V
ol

um
e 

  [
cm

3 /
10

0g
 c

em
en

t]

1E-3 0.01 0.1 1 10 100 1000
0

10

20

30

40

50

60

70

80

90

100

110

120

130

gypsum

monosulfate

calcite

C-S-H

ettringite

aluminate
ferrite portlandite

belite

alite

g
/1

0
0

 g
 c

e
m

en
t

hydration time [days]

hydration: 50 °C 

150 days

0 0.01 0.1 1 10 100 1000
hydration time [days]

0

20

40

60

80

100

120

V
ol

um
e 

  [
cm

3 /
10

0g
 c

em
en

t]



Hydrated OPC
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Strength-porosity 
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Influence of temperature 

Higher temperature:
 kinetic of hydration

 morphology (inhomogenous), denser C-S-H
 coarser porosity
 pore solution (SO4, Al)
 hydrates (ettringite, monocarb.  monosulfate)

 volume decrease
 decrease in strength

Solubility of ettringite increases with temperature
-> less stable

GEMS-Workshop May 2014, Dübendorf 18

Influence of temperature: tutorial
 Cement: «OPC» in project «Temp»

Cement
composition
in g/100 g:
=> All reacts!

w/b = 0.5

Some O2 to
ensure oxic
conditions
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Single solids
(ettringite/monosulphate) 
dectivated as already
considered as solid solutions

Quarternary solid solution model for
C-S-H (Kulik 2010); Ca/Si varies from
0.67 to ≈1.5 (in the presence of 
portlandite) 

No siliceous hydrogarnet 
(C3(AF)S084H) dolomite, quartz, … 
formation at room temperature and 
short time frames

Al-Fe monosulphate and Al-Fe-
ettringite excluded for this example
(duplicates can cause mathematical
problems; iron more stable in 
hydroandradite: C3FS0.84H4.32)

GEMS-Workshop May 2014, Dübendorf 20

Single solids dectivated as
already considered as solid 
solutions

Amorphous SiO2

No thaumasite, hematite, 
dolomite, goethite, quartz, … 
formation at room temperature
and short time frames
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Solution
C-S-H
CH
Ettringite
Monocarbonate
Calcite
Hydroandradite (C3FS0.84H4.32)
Hydrotalcite
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Influence of temperature: tutorial

 New process file to calculate variation of temperature

name

Temperature
and pressure
variation
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Influence of temperature: tutorial

Temperature and
pressure variation

GEMS-Workshop May 2014, Dübendorf 24

Influence of temperature: tutorial

No script
needed

Start temperature
Stop temperature
Step size

Numbering
of the single
calculations
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Volume in cm3

To be changed later

Solid phases sampled:
appear in the order selected

Be careful to forget no
relevant phase! 

GEMS-Workshop May 2014, Dübendorf 26
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cTC: Temperature in °C

Ettringite and 
monosulphate: 
both parts of the 
solid solution
needed

cT
temperature
in K

GEMS-Workshop May 2014, Dübendorf 28

Influence of temperature: tutorial
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Influence of temperature: 5% Cc
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Cement: 
«OPC_noCc» 
in project
«Temp»

Clone
existing
OPC

OPC without
calcite
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Influence of temperature: tutorial
 Cement: «OPC_noCc» in project «Temp»

Cement
composition
in g/100 g:
=> All reacts!

Remove 
CO2

Reduce CaO
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Influence of temperature: no Cc
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Influence of temperature: 5% Cc

bXa[{CSHQ}] [{Ca}]:
mol Ca in C-S-H 
solid solution

my[{OH-}]: 
OH- concentration
(in mol/kg H2O)

Plotting of changes in 
pH, OH- and C-S-H
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Influence of temperature: 5% Cc

Plotting of changes in pH, OH- and C-S-H

bXa[{CSHQ}][{Ca}]/bXa[{CSHQ}][{Si}]:
molar Ca/Si in C-S-H solid solution
bXa[{CSHQ}][{H}]2/bXa[{CSHQ}][{Si}]:
molar H/Si in C-S-H solid solution (H/2 = H2O)

14+lg(my[{OH-}]) equals pH at 25 °C
=> to illustrate temperature effect on pH: 

GEMS-Workshop May 2014, Dübendorf 36

Influence of temperature: 5% Cc

Changes in pH 
Much less in pOH
(G(H+) = 0 by definition)

C-S-H composition quite constant, Ca/Si = 1.64
H/Si = 2.9
No variation with temperature
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Influence of temperature: 5% Cc

Changes in pH 
Much less in pOH
(G(H+) = 0 by definition)

C-S-H composition quite constant, Ca/Si = 1.63
H/Si = 2.9: mainly interlayer water + some gel water
No variation with temperature

Muller ea 2013 
J Phys Chem C

Interlayer water

Interlayer +
gel water
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Influence of temperature: 5% Cc

Changes in pH 
Much less in pOH
(G(H+) = 0 by definition)

C-S-H composition quite constant, Ca/Si = 1.63
H/Si = 2.9: mainly interlayer water + some gel water
=> Variation with temperature + Al / alkali /anion uptake

needed in future CSH models (work in progress)!  

Muller ea 2013 
J Phys Chem C

Interlayer water

Interlayer +
gel waterInterlayer + 

gel water
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What happens with the iron?

Al-ettringite Al-ettringite

Al-monosulfate

Al-monocarbonate

portlandite

Al-ettringite

Fe-ettringite
Fe-ettringite Fe-ettringite

Fe-monosulfate
Al-monosulfate
Fe-monosulfate

Fe-monocarbonate

Lothenbach ea 2007, CCR 37 
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Stability of Fe and Al-hydrates at 25 °C

(Solubility products refer to Ca2+, OH-, Fe,Al(OH)4
-, HSiO3

-, SO4
2-, CO3

2- )

Fe-hydrates

C6FsH32

C4FsH12

C4FcH12

C4Fc0.5H10

C3FS0.84H4.32

-44.0 

-31.6

-34.6

-30.8

-34.2

Al-hydrates

-45.0 

-29.3

-31.5

-29.1

-20.5

C6AsH32

C4AsH12

C4AcH11

C4Ac0.5H10

C3AH6

Lower solubility product => higher stability

Stability Fe-ettringite < Fe-AFm < FH3/Fe-siliceous hydrogarnet

C3FH6 -26.3

-26.7 C3AS0.84H4.32

1

-2

-3

-2

-6

-8

Al-Fe

FH -11.2 AH3-1.3 -10

Formation of Al-containing siliceous hydrogarnet
kinetically hindered at room temperature

40 Dilnesa ea 2014
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Al siliceous hydrogarnet

Room temperature: only C3AH6 + C-S-H forms; 
C3ASxH6-2x forms at 110 C°, but remains stable at 20 °C
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Fe siliceous hydrogarnet

Low temperature Fe-siliceous hydrogarnet  poorly crystalline

=> difficult to detect by XRD

15 20 25 30 35
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20°C, 
3.5 years

prepared 
at 110°C 5 days
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Selective Dissolution using SAM

Salicylic Acid/Methanol Extraction (SAM)

Better identification of minor phases

 Dissolves 
 alite, belite, lime
 CH, C-S-H, AFt and AFm phases

 Not affected: 
 C2(A,F), periclase, calcite, 
 C3(A,F)SH4, hydrotalcite, …

43
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XRD OPC, 150 days: Siliceous hydrogarnet observed

Al-ettringite

portlandite

Si-Hg

F Si-Hg Si-Hg C
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C F
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EXAFS: Fe in siliceous hydrogarnet in the hydrated cement

At 20 °C         

Age C2(A,F) Fe(OH)3 C3FSH4 C3(A,F)SH4 Fe-Htl C4FcH12 C6Fs3H32 R-factor 

Unhyd 1.00* - - - - - - 0.12 
4 hrs 0.78(3) 0.20(3) - - - - - 0.08 

16 hrs 0.56(3) 0.44(3) - - - - - 0.09 

1 day 0.62(2) - - 0.38(2) - - - 0.18 

28 days 0.57(2) - - 0.43(2) - - - 0.09 

150 days 0.56(2) - - 0.44(2) - - - 0.09 

1 year 0.56(2) - - 0.44(2) - - - 0.07 

At 50 °C         

Age C4AF Fe(OH)3 C3FSH4 C3(A,F)SH4 Fe-Ht C4FcH12 C6Fs3H32 R-factor 

Unhyd 1.00* 0.12 

1 hrs 0.70(4) 0.30(4) 0.14 

4 hrs 0.65(2) 0.35(2) 0.09 

16 hrs 0.64(2) 0.36(2) 0.18 

150 days 0.59(1) 0.41(1) 0.09 

1 year 0.58(2) 0.42(2) 0.07 

 
>1 day: 
iron present only in Fe siliceous hydrogarnet  C3(A,F)SxH6-2x

First hours

At ≥ 1 days

First hours

At ≥ 16 hours

20 °C

50 °C

45
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a.SEM/EDX analysis of OPC

• Siliceous hydrogarnet observed in all samples 
• Mixed siliceous hydrogarnet (C3(A,F)S0.9H4.2

46
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Conclusion: Fate of iron oxides

Thermodynamic modelling:
C3FSH4 stable from 1 to 60 °C
C3ASH4 stable but formation kinetically hindered (suppressed in calculations)

Experimental evidence:
XAFS spectroscopy => Fe associated with C3(A,F)SxH6-2x

Similar amount of siliceous hydrogarnet at 20 and 50 °C

XRD, TGA, C3(A,F)SH4 present in hydrated cements
but difficult to detect; more crystalline at 50°C

SEM: Mixed Al/Fe siliceous hydrogarnet

47
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Solution
Hydrogarnet/hydroandradite 
(C3(A,F)S0.84H4.32)
C-S-H
CH
Ettringite
Monocarbonate
hydrotalcite

Note C3AS0.42H5.16: 
not activated in database
=>  supressed during all 
calculations as its formation not 
observed at ambient conditions
(to include create an additional 
Phase refering to
Dcomp: C3AS0.42H5.16)
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Influence of temperature: 5% Cc
plus Si-Hg
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No C3AS0.84H4.32 With C3AS0.84H4.32



siliceous hydrogarnet
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Deschner ea, 2013GEMS workshop, Dübendorf, May 19-21, 2014
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Si-hydrogarnet / no AFm 
observed in very old cements
hydrated 50 years at 20 °C
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Influence of temperature 

Higher temperature:
 faster kinetic of PC hydration and SiO2 reaction:

OPC
 47 °C: ettringite, monocarb.  monosulfate
 volume decrease => decrease in strength

longterm
 Hydrogarnet-hydrogrossular instead of AFm

In addition changes in CSH volume (water content);
Not captured in present CSH model (no gel water present)!


