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@ Empa
Tutorial: Effect of temperatu re on PC hyd ration

Hydration of Portland cement at different temperatures

1) Experimental evidences

2) Temperature calculation in GEMS
(Limestone-blended cement)
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Influence of temperature: Compressive strength
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Influence of temperature: Isothermal calorimetry
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Tutorial: Effect of temperature on PC hydration

Influence of temperature: Progress of hydration
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Influence of temperature: Microstructure
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Tutorial: Effect of temperature on PC hydratlon

Influence of temperature: Microstructure
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Influence of temperature: Hydrate assemblage
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relative weight [%]

Influence of temperature: Hydrate assemblage
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Modelling: Temperature

Arrhenius equation
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Tutorial: Effect of temperature on PC hydration
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Solubility of ettringite as f(T)
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Tutorial: Effect of temperature on PC hydration

Solubility of monosulfate as f(T)
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Tutorial: Effect of temperature on PC hydration
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Materials Science and Technology

Volume [cm3/100g cement]
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Tutorial: Effect of temperature on PC hydration B

Hydrated OPC: f(T)
Calculated with a previous version of CEMDATA
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Hydrated OPC: strength vs. calculated porosity (GEMS)
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Tutorial: Effect of temperature on PC hydration

Summary

Higher temperature:
— kinetic of hydration

— morphology (inhomogenous), denser C-S-H

— coarser porosity

— pore solution (SO, Al)

— hydrates (ettringite, monocarb. - monosulfate)
— volume decrease

— decrease in strength

Solubility of ettringite increases with temperature
-> |ess stable

Materials Science and Technology
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* Open Project ,PC" (Lessons LO3 & LO4)

* Clone the single file ,PC" and name it e.g. ,PC2"
(will preserve deactivation of phases)

« Enter its composition as listed below und calculate

tname |CIF'C-aII reacted 5% of calcite (2.8 g Ca0, 2.2 g C02)

Property Selection Recipe Input

el Prope MName uanti Units

DComp (xd_) AI(OH)3 CaCO3 perty il

IComp (ki) Al203 CaMg(C03)2 (1 |fxa_ Al203 5 g

Phase I:XFI_:] AlZ5205(0HM4  Cal 2 |xa_ Aqua i g

Kin.lower (dIl_) Aqua Cas04 |

Kin.upper (dul ) C1247 CaS04 0.5H20 EN LS coz 22 9

GO shift (gEx_) C25 Ca%i03 4 |xa_ Ca0 67 g

Other Inputs C3A Fe203 5 |xa_ Fe203 1 g
C35 FeCO3 .
C4A3s FeO LLCS K20 01 9
CAAF FeDOH 7 [xa_ MgO 1 g
CA Fed 8 |xa_ Ma20 01 g
CA2 Gypsum |
Chd 2 9 |[xa_ 02 01 g
co2 H25 (10 |xa_ 503 4 q
Ca(OH)2 H2504 11 | xa_ Si02 218 g
K I 2

Input quantities of Compos(itions) contributing to B_
vector
Learn more Print 0K Cancel

Cement
composition in
g/100 g:

=> All reacts!

w/b =0.5

Some O, to
ensure
oxidizing
conditions
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Input: System Definition  Results: Equilibrium State I
Phase/species I L II#I Amount (mol) logSI/Activity I |

EH--a ag_gen €69 a 0.45860346 8.75e-10
&g gas_gen 6 g 0.003190342¢6 =1.74e=-09
[+ 8 C3 (AF)S0.84H 2 s 0.011119501 -9.423e-09
+ 3 CSHQ € s 0.47205288 -8.479e-09
-~ s straetlingite 2 s 0 -2.862
- 8 ettringite 2 s 0 -0.09211
#--s  SO04_OH_AFm 2 s o0 -1
EH-- s OH_S04_AFm 2 s 0 -1
#o s S504_CO3_AFt 2 s 0.056752341 1.495e-08
& s CO3_504_AFT 2 s 2.7503032e-07 1.495e-08
- s hydrotalc-pyro 2 s 0 -8.634
H— s C4Ac0.5HS ) s 0 -5.651
B s C4AcH1l L § s 0.0190€0554 -6.597e-09
& s C6AsH13 1 s 0 -29.71
M-8 C6AsHY 1 s 0 -37.95
B s Aragonite 1 s 0 -0.1441
M-8 Calcite 1 s 0.024134813 -2.393e-08
B s C3FHé L s 0 -3.179
- s lime 1 s 0 -9.966
O - Portlandicte 1 s 0.37407254 7.363e-09
H— s Anhydrite 1 s 0 -3.186
o s Gypsum i } s 0 -2.913
- s hemihydrate 1 s 0 -3.959
- s Iron 1 s 0 -65.72
- Fe-carbonate 1 s 0 -28.2
H-— s Siderite i s 0 -27.81
- s Magnetite 1 s 0 -15.6
B Ferrihydrite-am 1 s 0 -3.965
®-- s Ferrihydrite-mc 1 s 0 -1.298
B s Pyrice 1 s 0 -92.94
- s Troilite i § s 0 -92.94
B s Melanterite 1 s 0 -35.46
- s arcanite i ] s 0 -6.698
®-- s syngenite 1 s 0 -8.79
- s K-oxide 1 s 0 -63.2
- s OH-hydrotalcite i | s 0.0062027966 0
B Magnesite 1 s 0 -7.238

Fe-containing siliceous hydrogarnet

C-S-H

Ettringite

Monocarbonate

Calcite

Portlandite

Hydrotalcite
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« Clone process file ,LS_Vol” as we will re-use the output part
to simplify our work

GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [Process = Definition of a Process Simulator (batch calculation)]

ﬁ Modules Record Window Help

Y= dh’*m@* LICIES IIEE]L,

§ T TR
iy WA a TempiHRRRRRRES Create a new record from scratchh
= Controm—T——Sampmg— FE | Config | 10/04/2014, 16:26
SysEq "':_} Process: Please, set a new record key -

[ - ) IPC G:PCZ0:0e1:20:0:PC_termnp:P
Process
t IF'C Mame of the modeling project ilwv iTau ipXi iMu

IG Thermedynamic potential to minimize {G}

GitDemo IF'CE Mame of the parent chemical system definition (C50)

ﬂ IC' C5D (recipe) variant number <integer>
GEMIMT I.J Yolume of the systern, dm3

|1 Pressure, bar, or 0 for Psat(H20)g
%} IED Temperature, C

(= - R I
L T e T e e
L T e T e e
Lo T e T e e

Proiect Variant nurmber for additional constraints

. N name
< PC_temp Mame of this process simulation task

< !P Process simplation mode code{P, 5 L G TR} temperatu re and
from Lt | np | e || Pressure variation

Ok Reset

21




Tutorial: Effect of temperature on PC hydration

Step 1 - Process Simulator Configuration

This is a tool for 'batch' calculation of multiple equilibrium states, sampling and plotting of results. In this way, irreversible
geochemical processes (e.g. mixing, dissolution, hydration, titration, corrosion, weathering) can be simulated.

The Process record can be configured in several modes to perform specific simulation scenarios by execution of process control

script 'P_expr' and simulation output script 'pgExpr'. Simple scripts can be easily produced using this wizard.

Any process simulator belongs to one of three types:
1. 'Sequential': only input GEM parameters are modified (modes F, 5, L);
2. 'Reciprocal': next step depends on GEM output parameters (e.g. pH) from previous step (mode R);

3. 'Inverse': GEM input adjusted to obtain prescribed values of GEM output (e.g. pH; modes G, T).

Please, choose a process simulation mode:

f+ P Sequential temperature and/or pressure change at fixed bulk composition

" 5 Direct sequential change of bulk composition and/or constraints (default)

" G Batch inverse titration sequence for incremented pH values etc.

{* T One arbitrary inverse titration calculation as defined in Process control script
" R Sequential reactor scheme, uses equilibrium bulk compositions of phases

" L Lippmann diagram (transposed) for a binary solid solution

Learn more

< Back

HNexi>>

Temperature and
pressure variation

Cancel

@ Empa

Materials Science and Technology
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i it ipH ipe
a ] a ]
] 0 0 ]
] 0 0 ]
" User-defined script " PT phase diagram

Flease,check iF and iT iterator contents, and set Step to 0 in all other iterators.

For FT phase diagram: select phases to plot, then skip the next wizard page.

Phases ag_gen CIAHA Iron J
gas_gen C4AHL3 Fe-carbonate
CSHO CAHID Siderite
Numberin
ring Start temperature
of the single
. Stop temperature
calculations )
Step size
No script
needed

We leave the output file like it is and change it later
23



Tutorial: Effect of temperature on PC hydration
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Materials Science and Technology

£7) GEM-Selektor Process Setup: PC:G:PC2:0:0:1:20:0:PC_termnp:P: ped

Step 4 - Important data object dimensions

Spin boxes below define the dynamic memory configuration of the process simulator.

Dimensions of sampled and experimental data

47 = nPs - Number of steps (1 to 9999 ) to be performed in this simulation (default: 21); also length of the 'xp' vector.

1 +1 Mumber of 'modC' array columns (1 to 40, 0 - not used) to store process control values; number of rows will be nPs.

a4 B MNumber of columns in the 'yp' table (0 to 200) to keep the simulated data sampled by the pgExpr script; number of rows will
= be nPs.

] -1 MNumber of columns in the ‘xp' table (0 to 4] to keep the simulated data sampled by the pgExpr script; number of rows will
= be nPs.

0 = Mumber of rows in the xEp, yEp arrays for experimental data (optional)

0 —| Mumber of columns in the xEp, yEp arrays for experimental data (optional)

Optional data vectors ({of length nPS) can be used for accumulating current process control values for all steps performed. They can be
allocated using checkboxes below. The assignment operator (with J index) in the script will override any values automatically copied into
data vector from the respective process iterator.

Allocation of optional data vectors

[ CSD variant # ('vTm') [ volume W, | {'wW") [ Pressure P, bar ('vP")
I Temperature T ('vT') [ Constraints # ('viNW") [~ Process extent Nu ('viNu')
[ Process extent pXi ('vpXi') [ Kinetic parameters {'vKin') [ Time Tau {'vTau')

< Back Next> Cancel
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Tutorial: Effect of temperature on PC hYdration

Controls || Sampling Results | Config | 04/06/2023, 15:28

NEIL‘.[

9999 47 | Nextl 0 | I| 0 | JI 46 I Jp 46

pSTkeyIPC:G:PC2:0:0:1:20:0: | chI lOOOl cNVI 0

cTauI

0 | chi' 0 cXi 1 cNu 0

cpHI

o[ _cee o[ _cen ‘= => cT: Temperature in K

dl

xp[J) =: cTIC; ° o

— - cTC: Temperature in °C

$ y-axis in g per 100 g unhydrated cement

vp[J]1[0] =: phVol[{CSHQ}]:

yp[J] [1] =: phVol[{Portlandite}];

yp([(J) [2]) =: phVol[{C3(AF)S50.84H}]):;

vp[J) [3] =: phVol[{ettringite}]+phVol[{504 CO3 AFt}]+phVol[{CO3 S04 AFt}]: . .

VpLII a3~ prVETTTCTRSATE T We differentiate between the
<yp[J][5] =: phVol[{C4AsH14}]: > f |f

el [6] =: phVol[{C4AsH12}])+phVol[{SO4 OH_AFm}]+phVol [{OH_SO4_AFm}]:

vo (9] (71 =707 water contents of monosultate

vp(Jl (8] =: O;

vp[J] [9] =: phVol[{C4Ac0.5H12}];

yp[J] [10] =: phVol[{C4AcH1ll1l}];

vp[J] [11] =: phVol[{Calcite}]:

yp[J][12] =: phVol[{OH-hydrotalcitel}]:

yp[J] [13] =: phVol[{ag_gen}]:

The rest of the output we leave like it is

A

'

AT

pLnam|C3 (AF) 50.84H ettringite @ Ms14 Ms12 ) —
[
4
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 Calculate and make a nice cumulative plot

volume

Influence of temperature on hydrate assemblage of PC
70.0-

~Legend| x# |Label ¥

CSHO
Portlandite
C3(AF)S0.84H

ettringite
Ms16
Ms14
Ms12

C4AcD5H12
C4AcHN

80.0

temp

Calcite
OH-hydrotalcite

alelelelelelelelela|alale

g8

ag_gen

Kl I—

Click legend symbaols to customise
curves; select an abscissa under xZ;
100.0 edit ordinate ¥ labels, drag-drop them
to plot area; right-click on plot area to
Copy or save image

Fragment | Customize |

Print | Save Image | Close Help

Materials Science and Technology

26



Tutorial: Effect of temperature on PC hydration B

 Plotting changes of pH, OH- and C-S-H composition
« Make new process ,PC_temp_CSH" with PC2 as parent file

iMu ipH ipe
] 0 0 ]
a ] a ]
] 0 0 ]

" User-defined script ©" PT phase diagram

Please,check iP and iT iterator contents, and set Step to 0 in all other iterators.

For PT phase diagram: select phases to plot, then skip the next wizard page.

Fhases ag_gen C3AHG Iron J
gas_gen C4AH1Z Fe-carbonate
CSHN CAHIN Siderte
Numberin
ring Start temperature
of the single
. Stop temperature
calculations )
Step size
No script

needed
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£7) GEM-Selektor Process Setup: PC:G:PC2:0:0:1:20:0:PC_temp_CSH:P: >
Step 3 - Selection of items to sample/plot (click "Next™ without selecting anything to retain the old script)
Property Item Selection Sampling Script
E— —
— Mbx  _nnr0]  F.RT i3] il ;g{ﬂw]' g oh
ue P T ssestor b Ta | |yeun = bxaticsHauican
b yplI[2] = bXa[{CSHOYIMSH],
ch 15 L[1] Masses[1] RIT[0] cTC DUIE] =: my[{OH-]
mt pH L[2] Masses[2] RT{(1]  cT P - :
lgm t pe L[3] Masses[3] RoOW[O][0] iNv[ PIOttlng of Changes in
ich Eh L[4] Masses[4] EpsWIO][0] iINv]
X3 TC]  LIS) Masses[5] ViswW[0]  iNv[ pH OH- and C-S-H
Ywa TCH]  FilO] volums[0] iTm[0]  cNVv '
phvol TKIO]  Fill] volums[1] iTm[1]  iTau
phivi TK[1] Fi[2] M_ iTm[2] iTau
Fa PG[0] FI[O] L3 cTm iTau
bXa(ag_gen) PG[1]  FI[1] LI1] Vo] cTal
bXa(gas. gen vx[0]  FI[2] LI2] V1] ipXi .
bXa(gB(Alg-I'JS[ Vr[1] denW[0][0] L[3] V2] ipXi bxa[{CSHQ}] [{Ca}]-
bXa(CSHQ) It denW[11[0] L_[4] oV ipXi o _C._
bXastraetling tEfd  epswi0][0] L.[5] iP[0] cpX mol Ca in C-S-H
bXa(ettringite ftlpm  epsw[1][0] Fi_[0] iP[1] X H H
bXa(504 gH Psi_DKI[0] InP Fi_[1] iP[2] iNul solid solution
bXa(OH_504 Psi_DK[1] RT Fi_2] cP iNu|
bXa(504_CO: ~ < | 2
‘ H my[{OH-}]:
List of static data objects (see tooltip on each object name) OH- Concentratlon
(in mol/kg H,0)
< Back ‘ Next> | Cancel
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Tutorial: Effect of temperature on PC hydration

Controls | [ sampling ~ Resuts |  config | [0a06/2023, 15:5
NeIt 9999 47 Next Ol I 0| JI 46 Jpl 46
pSTkey|PC:G:PC2:0:0:1:20:0: cTm 1000 cNV 0
cTau 0 cpXi 0 cXiI 1
0 thl

d

=]
| (7]
0 =
=) =

cpH 0 cpe 369.15]
xp[J] =: cIC:
vpl[J][0] =: pH;
$ plotting Ca/Si in C-S-H
yp[J]l [1] =: bXa[{CSHQ}] [{Ca}]/bXa[{CSHQ}] [{Si}];
¢ plotting H/Si in C-S-H: H/2 = H20
yp[Jd]1[2] =: bXa[{CSHQ}][{H}]/2/bXa[{CSHQ}] [{5i}]; H H - Q.
L Plotting of changes in pH, OH- and C-S-H

yplJ][3] =: 14+1g(my([{OCH-}]):

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 = H20)

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

/ [ 2]

pX_Nam|Temp
pLnam|pH Ca /5i H/Si 14-pOH

29



Tutorial: Effect of temperature on PC hydration

Materials Science and Technology

my

14.0-

12.01

10.01

14-pOH

pH

Changes in pH
Much less in pOH
(DG(H*) = 0 by definition)

8.0+
6.04
C-S-H composition quite constant, Ca/Si = 1.63 -> 1.59
H/Si = 2.89 -> 2.84, almost no variation with temperature
4.04
H/Si
2.04
Ca/si
0.0 r T T r ;
0.0 20.0 40.0 60.0 80.0 100.0

Temp
30



Ca/(Si+Al) ratio in C-S-H (-)

2.0 = 8
a. = b.
v vy _g - Interlayer
1.8+ Ry N
w o oOr
Vv 7 @ | Muller ea 2013 ‘gel water
1.6 - J Phys Chem C oy
Zal
1.4+ @)
‘_E o|  Interlayer water
1.2+ g L] e®
S
L
1.0 1 ] 1 L E 0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 = 0.0 0.4 0.6 0.8 1.(
Degree of hydration (-) = Degree of hydration (-)
6.0+
. H/Si = 2.9: mainl erlayer water + some gel water

2.04

0.0

H/Si

Ca/Si

0.0

20.0 40.0 60.0 80.0

Temp

100.0
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3.40 f b.
3.20 '
Interlayer + 6L
2007 el water ' Muller ea 2013
2.80 J Phys Chem C
2.601 Gallucci ea 2013, CCR
2 401 Ca/Si no variation
total H/Si decreases % 2| Interlayel; water
2.20 \
E.DD I I I I I I
0 10 20 30 40 50 60 () - -
temperature (°C) 0.0 0.2 0.4
Degree 0t hydration (-) -
6.0+
C-S-H composition quite constant, Ca/Si = 1.63
. H/Si = 2.9: mainly interlayer water + some gel water

2.04

0.0

H/Si

Interlayer +
gel water

DO
o

° ¢ Sgpno®

Co

0.6

Ca/Si

0.0

20.0

40.0

60.0 80.0

Temp

100.0

0.8 1.(

Degree of hydration (-)
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3.40 1
.., gel water b. nterl
3.20 - i . nterlayer +
61 gel water
3.00 o4
| Muller ea 2013 o
2.80 J Phys Chem C R
.#.. . 4 |
2601 Gallucci ea 2013, CCR {,
2497 ,|  Interlayer water
5 00 | % . R T
Interlayer water
2.00
D 1{] 2{] SD 4{} .ﬁl"‘l nln ﬂlr‘_‘ nll.'_l 1 4
temperatlﬁ 100 - ! ; ! 0.02
. P ‘
= Variations in gel water ; 90- oo C-S-H
difficult to include E 80 S e e
— Temperature effect on % 709 - oncssnarmore , -0.00
composition and £ 60- calcite ¥
interlayer water, on 2 50 VY ' . .
aluminium, anion and € 404 <]/ Myers, L.HOP‘tal éeatn --0.0:
alkali uptake: ® 30] preparation WT=7°C
work in progress o e interlayer H/§| ~ 2 :T . 20°C
L'Hopital, Myers, ;f 101 C-S-H from 7 to 80 °C .$ - ggg --0.0¢
Plusquellec, Kulik, S o - R
Lothenbach, Nonat, ... | 0 250 500 750 1000

T /0M\



