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Tutorial - process: hydration of Portland cement
Hydration of Portland cement
1) Hydration of PC - single system Lecture 3

2) Influence of limestone on hydration of PC |
— process file
a) Mass based output
b) Volume based output

~C — Lecture 4
c) Composition of aqueous phase

3) Influence of fly ash on hydration of PC
— process file




Process file - hydration of PC + limestone

Description of analytical problem

= Addition of increasing amounts of limestone to OPC

= We want to assess the chemical and mineralogical
consequences of the addition of increasing amounts of
limestone, as calcite, in a systematic way.

= Related phase changes
a) mass changes
b) volume changes
¢) changes in the aqueous phase composition

i . . @Empa
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Process simulations - Short introduction

= simulation of stepwise processes, e.g. dissolution, incremental
addition, mixing, titration

= especially useful if a regular change of the bulk composition occurs
in the process

= simulation of incremental temperature changes

Parental system (contains initial
setup of the system to be

modified)
Modification of parental sysM

Equilibria 1 Equilibria 2 Equilibria i

Structure of process simulator

@Empa
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Process simulations - Short introduction

= GEMS uses a built in math script interpreter to execute process
simulations and other functions (similar to the macros in Excel)

= a description of the math script interpreter and used expressions can be
found in the related GEMS help file

| B cer-se

s @@ < » |

Contents | tndex | Search |

GEM-Selektor version 3 =

| [ GEM-Selektor Version 3 Code Package
i How to:Setup s Chemicol Systany Process and Reaction Path Simulation (Process) Module
% Computation of Equilibria Mode
|| # Thermodynemic Database Mode
= GEMS Graphicsl User Interface.
GEM- Selektor Workfiow

# Managing Modeling Projects

; um
mulsting Processes and Reaction Paths
iscellaneous HowTo Pages

Contents

1. Introduction to Process modue

Getting Started Tutorial L1, Overview of Process Simulations
GEMS3 Suite of Test Projects

#' GEMS3 Users Reference

- Methods Used in GEM-Selektor

- GEMS3K Numerical Kemnel Code

12,1, Inverse tivations

1.2.2 Sequential reactors
1.2.3, Lppmann dizarams
2, Process Module Create Remake Wizard

2.1, Proces Wizard Step 1 iauration

2.2, Proces Wizard Step 2 -Progess Simulation Controls

2.3 Proce:

rd Step 3 - Selection of Ttems to Sample/Plot

2.4, Proces Wizard Step 4. -
LJ‘J
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Experimental problem:

Blending of the hydrated cement from the previous example ...

Normative phase composition [g/100 gf ) Available in CEMDATA18 as predefined
Alite® 66.5 composition «PC»

Belite © 10.3

Aluminate © 7.5

Ferrite 8.5

MgO(periclase) © 0.9

Ca0 (free)* 0.93

CaCO;* 0.6

CaS0,- 2H,0¢ 3.1 — Parental system

K.80," 13

Na,S0," 021 ... with various amounts of
limestone

Present as solid solution in the clinker phases

K0! 0.054
Na,0*¢ 0.33

Mg0O* 0.94

83,9 01—

B. Lothenbach et al. / Cement and Concrete Research 38 (2008) §48-860
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Experimental problem:

Addition of increasing amounts of limestone to PC
up to 10% in steps of 0.2%)

Assumptions:

= initial amount of cement constant = 100 g
“cement” = PC + limestone (= 100% CaCO,)

= w/b ratio = 0.50 (50 g water), constant
= addition of 0.1 g O,, constant
= 100% hydration

@Empa
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We use the single file created previously now as parent file for
the process simulation.

I[ Modules Record Dats Calculate View Print Window Help

BE— i tem X3S EYY

q bER Tnpu; Sysem Defintion | Resils: Eequiibriam State |

Single calculations ——» -

>4 3 Phase/species ‘ L I T)I on/|

. M- ag gen 5 a +

Process calculations —> C Bt Ben £ o

- w- C3 (AF)S0.84H 2 5 +

Bl CSHQ 6 s +

|:}{ B ettringite-AlFe 2] 5 -

B ettringite-FeAl 2 5 -

hixtid #- monosulph-AlFe 2 s -

#--monosulph-FeRl 2 s -

- straetlingite 2] 5 +

GEMZMT B ettringite 2 s +

- S04_OH_AFm 2 s+

- OH_S04_AFm 2 s+

B SO4_CO3_AFL 2 s+

Heees ®- CO3 S04 AFt 2 s+

#-- hydrotalc-pyro 2 s +

OF - MSH 2 s+

Project - A1 (OH) 3am 1 5 +

e Al (0H) 3mic 1 5 +

- Gibbsite 1 s -

00
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Motesias cice an

or click here

Create new i) Modules [ Record Window_Help

[ GEM-Selektor 3 (GENIS3) - Geochemical EqYlibrium Modelling by Gibbs Energy Minimization - [Process : Definitior

process file

Ve @

% New(Clon:

B 2~y + o s K[V S

e Fa Diphy B Controls Sompling Resuits config | | 130572

[ < e
r Calculate  F3 E=

1. (Q =

Process s
Sedes i iV ip iTC Ny

LK | 7 oo N =
GDemo | 47 piot data 1 1200 o 1 25

o Pint.. 2 10 o o o

o [} o o

GemavT o
Unspace
qb}
Project

:I; Syskq: Please, select a parent System for a new Process ? x
Please, select one record key. Filter: PC:™: % :%: %=
Select parent file ok || setfiter Help cancel |
J
9
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) Process: Please, set a new record key ? x
|PCi6:PC:0:0: 1:20:0:L5_mass:5:
P Name of the modeing project. +———— project name
3 Thermodynamic potential to minimize G}
P Name of the parent chemical system definition (CSD)
0 CSD (recipe) variant number <integer>
0 Volume of the system, dm3
1 Pressure, bar, or 0 for Psat(H20)g «——— pressure
20 Temperature, C — temperature
o Variant number for additional constraints
Name of this process smudation task <« file name of process simulation user input
Process smulation made code {P, 5,1, 6, T,R} «—— simulation type
| Ok | Reset | From List Help Cancel |

10
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Choice of simulation type:
In the case of incremental limestone addi

> Sequential change of bulk composition

£) GEM-Selektor Process Setup: PC:G:PC:0:0:1:20:0:L5_mass:S: ? x
Step 1- Process Simulator Configuration

This is a tool for ‘batch’ calculation of multiple equilibrium states, sampling and plotting of results. In this way, ieversible geochemical
processes (e.q. 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 simlation output script ‘paExpr'. Simple scripts can be easily produced using this wizard.

Any process simulator belongs to ane of three types:
1. 'Sequential'; only input GEM parameters are modified (modes P, S, 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 autput (e.g. pH; modes G, T).

Please, choose a process simulation mode:

P Sequential temperature and/or pressure change at fixed bulk composition
irect sequential change of bulk composition and/or constraints (defauit)
Batch inverse titration sequence for incremented pH values atc.
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

< nack|| _teate | | cancet

on we directly change the bulk composition

11
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Wizard available for

pI’OCGSS fl|eS £} GEM-Selektor Process Setup: PTG

H0:LS_massiS:

Step 2 - Process Simulation Controls (click 'Next' to retain the old script)

1. Adapt temperature

, s o el P e |
and step size From 1000 0 1 20 0 0 o 0 0
for stored Untl | 1200] o 1 20 o 0 o of 0
individual Stey 1 I 0 0 K] of ) ) of 0
calculations

@ Titration cNu (inear) © Diagram logD vs x (linear) € Titration cpXi logarithmic ~ © Diagram logKd vs log(m)

2. Select PC and

Linear titration and logD diagrams use the iNu iterator; logarithmic titration and logkd digrams use ipxi. Titrations: select required

CaCO, titrants as items from 'Compos’, 'DComp’, ‘IComp’ or ‘Phase" lists, optionally alsa select items from ‘BC-lower or 'DC-upper' to change

metastabilty constraints.

(as we want to vary

their Ta plot lagD vs linear  (mole fraction) scale: (i) select minor then host end member from the ‘DComp list, Gi) select trace then host ion

relative amounts)

from the Molality list. To plot logkd and isotherms vs log(molality) scale: () select trace then host compositions from the ‘Compos' list;
(il select trace then host elements from the ‘Sorbed list. In both cases, skip the next wizard page.

3. Select Aqua and O,

Casod H2 MgCOo3 50:
CasO4 0SH20  H2S Mgo sio

Casio3 H2504 Mgs04 xa_[{CaCO3}]
Fe203 K203 Na2C03 xa [{Aqual] =t cNu*1:
FeCO3 K20 Na20 xa_[{02}] =: cNu * 1;

We need to edit

a1 this later

FeO K2504 Na2504
FeOOH KOH NEYaT
Fes Mg(OH)2 02
Gypsum Mg35i205(0H)4 |4

< Back Next> Cancel

12
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Wiza rd aval |a ble fO{) GEM-Selektor Process Setup: PC:G:PCO:0:1:20:0:L 5_MassiS: ?
p rocess fl |es Step 3 - Selection of items to sample/ plot (click "Next" without selecting anything to retain the old script)
. Property -Ttem Sel Sampling Script
1. Select solids: -
calars
choose u Ferrite CBASHI PhM{CSHQ}];
- : . ue ca Aragonite phM[{Portlandite}];
2. phM => mass (in g); b caz @ PhMI{Ca(AF)S0.84H}];
=> we can adapt b C2AHTS C3FHE phM[{ettringite}];
. mt C34HE CAFH13 phMI{S04_CO3_AFt}];
skript later lgm_t CAH10 C3F50.84H PhML{CO3_SO4_AFt};
icv S04 OHAFm  [@TCI0H C3F51.34H phMI{C4ASHIE}];
Xa OH.SO4 AFm CAFCOSHIC PBMILS08 OH AFmb;
Xwa 504 €O3 ARt CaFcHI2 POMILGH So7 il
504 ¢ C4AsH1G Dolomite-c P hMIE!JE?I‘tA;ﬂHSIHll}?]
[phM hydrotalc-pyra  C4AsHO Dolomite-c hM[{CH‘;te}]v Z
3 MSH Chabazite lime ¢ 3
- hM[{OH-hydrotalcite}];
bXa(aq_gen) Al(OH)3am Zeolitep —: g faq peall:
bXalgas_ger AlIOH)3mic C2ASHSS Anhydrite Al 20 a2
bXa(C3(APS Kaolinite C4AcHg Gypsum
bXa(CSHQ) Graphite C4AC0.5HT05 hemihydra
bXa(straetlin Mayenite C: Iron
bXalettringit Belite C4ACD.5HO Fe-carbon: . .
bXalS04_OF Aluminate TR sicerite We need to edit this later
bXa(OH_s0z Alite CBAsH13 Magnetite
bXa(S504_CC
£ »
bXarCco3 jﬂ |
F 3
‘ Masses of phases (in grams) in equilibrium

< cacd
12
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Numerical settings of process simulation

£} GEM-Selektor Process Setup: PC:G:PC:0:0:1:20:0:LS_mass:S: ? X

Step 4 - Important data object dimensions

Spin boxes below, ¢ on of the process simulator.
Number of steps . . | .
2 columns for input constituents of bulk composition

(PC components, limestone)

Umber of 'modC’ array columns (1 to 4, 0 - not used) to store process control values; number of

number of y columns in output file
{heere = total amount of expected phases = 14)

wommierof-columns in the 'yp table (0 to 200) to keep the simulated data sampled by the pgEx

Number of columns in the "xp' table (0 to 4) ta keep the simulated data sampled by the paExpr

Number of rows in the XEp, YEp @ tional

number of x columns in output fj
(here = amount of limestone)

Number of columns in the »Ep, yEp arrays for experimental data (optional)

values for all steps performed. They can be allocated using
ues automatically copied into data vector from the

Optional datz P
checkboxes 2= "1
respective process iterator.

~Allocation of optional data vectors

™ CSD variant # (vTm) I Volume v, 1 (w) ™ Pressure P, bar (vP) Convenient to
™ Temperature T (vT') ™ Constraints # ('NV') I™ Process extent Nu ('vhu) «overestimate»
I Process extent pXi ('vpXi') I Kinetic parameters ('vKin') I” Time Tau (VTau') because maybe more

phases occur than

< Back | _Next> |ICa"°E' | expected

14
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Additional settings

£ GEM-Selektor Process Setup: PC:GPC:0:0:1:20:0:L5_mass:S:

Step 5 - Additional options

on this page, some options of the Process simulator operation can be changed (for specific cases).

Optional modes of operation

Save the equ

e 'F_expr' simulation control script (can be turned off in P simulation mode) independently
ve generated SysEq records to the project data base (always saved in G and T modes) = Good to check each
I Use time dependent calculations and plotting mode (for Kinetics simulations, reserved) calculations

I~ Use Smart Tnitial Approximation of GEM TPM algorithm for faster calculations {on your discretion) = But can make files big

I™ Use a stepwise mode of Process simulation (for troubleshooting purposes)

The 'P_expr’ simulation contral script must be used in most cases except the P mode (e.g., if temperature is changed using ITC iterator, but the system

recipe remains constant).

Saving process-gensrated SysEq records may be necessary for subsequent sampling of results by GtDemo module or for troubleshooting, but may
dramatically increase the size of project database. This fiag has no effect on reciprocal and inverse titrations, where optimized SysEq records are

always saved.

Learn more

= Can also be turned off

<Back| Next> | Cancel
|

ibria of each step

15
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Additional settings

) GEM-Selektor Process Setup: PC:G:PC:0:0:1:20:0:LS_miass:S:

Step 6 - Final settings and comments

Optional -

[0 =] Set here the number of links to SDref source of data and bibliography records (default 0)

After you click "Finish":

(1) 'Controls' page of the Process window will appear. Fill out comments in 'PEname' and 'PEnote’ lines. Check the process iterators for correct
ranges and increments.

(2) Modify the simulation control script 'F_expr', if necessary. Some example scritps can be found in help pages or via the 'Help' 'Scripts’ menu
command. Check also the sampling script in 'Sampling' page of the process window.

(3) Click on "Caleulate’ toolbar button to start the simulation; for the first time, do not use the graphic output. If error messages appear, chack and
fix the scripts or iterators and try the calculation again. After the simulation has finished, look at sampled results in ‘xp' and 'yp' fields on 'Results'
page (can be copy-pasted to commercial spreadsheets).

(4) Check and edit the axis and ordinate (plot) names, and dlick on the 'Plot data’ toolbar button to see a customizable Graph Dialog. To plot
experimental data over simulated curves (for visual fitting), close the Graph dialog, enter data into xEp and yEp fields on 'Results' page, then open

the Graph dialog again and customize the plot.
Learn more < Back I Finish cancel |
| J

16




i . . cNu: running number
Process file - hydration of PC + limes can be used for various calulation
here: fraction of CaCO,

P:rect—ﬂ [ ] + H @ w « ” ¥ S “/_\/‘ = H o [pe:cipei0:0:1:20:0:6-mass:s:

| Controls | samping | Resuts | config | [27703/200, 1237

project description

|GEMS tutorial |
pressure temp

[aadition of 1imestone to ec

=> Total 54 calculation

Start value \ iTm [iv ip TE iNv_[iTau ipXi i I g ;‘I-z
End value o [T tooo 0 1 20 0 0 o [ ¥ o.¢] otartvalue
Step size I 1209 0 1 20 o 0 0 10| End value

A > pl 0 0 o] o 0 0 o.z| Step size
of indicies for the stored ~— .. 5 T o — 5 5 ol cNu

individual single files

modC 0]

$ amount of limestone, PC contains already 0.6 g CaCO3, 1
S will written in 1st column; cNu = calculated number
modC[J][0] =: cNu;

xa_[{CaCO03}] =: modC[J][0];

Modify text to
($ = comment)

$ amount of PC
xa_[{PC}] =: 100-modC[J][O];

slo|o|le|o|lelolole

When finished

Click somewhere
(outside active box)
=> else GEMS might
ignore changes

$ PC written in 2nd column;

modCl][1] =: 100-modC[][0]; We start at -0.6 as our cement

contains already 0.6% CaCO; and we
want to model also the hydrates

$ water and oxygen without any limestone

xa_[{Aqua}] =: 50;
xa [{02}]1=:0.1;

17
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describes output of calculated

gontros [[ mping | Rests | confi | [130572019, 1302 data as table and graph
[were [ soss] of[wexe | HE [ o[« [ BEE a|
= | Definition of x-axis: 2 equivalent options
[crau | of[cpxs | of[exs | / xp[J] =: xa_[{CaCO3}]+0.6;
/ xplJ] =: modC[J][1]+0.6;
|"pﬂ | Q“"PE | O““E“/J/ - |ja I |
§ moamis: fraction of caloite in cement 174 Definition of output on a mass
e R basis, e.g. C-S-H
$ y-axis in g per 100g unhydrated cement ypDI[0] =: phM{{CSHQ}];
vp[J][0] =: phM[{CSHQ}]:
¥pI[J][1] =: phM[{Portlandite}]:; . . )
yp[J]1[2] =: phM[{C3 (AF)S0.84H}]; Ettrmglte (summarlzed):
J1[3] =: phM[{ettringite hM[{504_CO3 AF hM[{C0O3_504 AF : . .
e S ypUI[3] =: phM[{ettringite}]
J1[5] =: O;
§:J: {6} =: phM[{C4ASHLE}]+phM[{S04_CH_AFm}]+phM[{CH_S04 AFm}]: +phM[{C03_SO4_AFt}]+
Jirr .
e eI phM[{SO4_CO3_AFt}];
ypI[Jl (2] : phM[{C4Ac0.5H12}];
vp[J][10] =: phM[{C4AcH11}]: |
yp[J]1[11] =: phM[{Calcite}]; Mass pore solutign:
[J1[12] =: phM[{OH-hydrotalcite}]:
IT1013] -1 phil(ag_gent) s yplI[13] =: phM[{ag_gen}];
Colums yp[J1[0], ypDI[1]. ...
if you change order, change also the headings below

pX_Nam|limestone

pLnam |CSHQ [portiandite [cz(ar) s0. 84

g] ]

ettringite

E—

18
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{88l GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [Process :: Remake of the new record finished OK. It is recommen

I0) Modules Record Window Help N\ calculations
’3_@ m‘ ] S H 4 = x H i ? @ ‘M/‘ = ” 9 [PeiGipeini0:1 2005 massis:
x —
EI;' contrals | [ samping mests | confi | |13i0s/2013, 1341
ﬁ e (o o [ O 1 9 1 = [ ¢
Q
Process |pS'FkEy| ”::'Em |
24 Eanl] o] AT 1 [
GtDemo
m; [eem ] of[epe | offeen | o[er
GEMZMT § x-axis: fraction of calcite in cement
§ PC contains already 0.6% CaC03
% ®p[J] =: =a_[{CaC03}]+0.6;
g
UnSpace $

y-axis in g per 100g unhydrated cement
yp[J][0] =: phM[{CSHQ}I.
b vp[J1[1] =: phM[{Portlandite}];

yp[J1[2] =: phM[{C3(AF)50.84H}];

Project yp[J1[3] =: phM[{ettringite}]+phM[{504_CO3_AFt}]+phM[{CO3_S04 AFC}]:
yp[JI[4] =: 0O;
yp[JI[S] =: 0O;
yp[J1[6] =: phM[{C4AsH16}]+phM[{504 OH AFm}]+phM[{OH 504 AFm}]:
yplII[7] =: 07
yp[JI[8] =: 0O;
ye[J1[8] PRM[{C4Ac0.5H12}];

£ Process X
PhM[{C4AcH11}] ;

vp[J1[10]

yp[JII[11] phM[{Calcite}]; . . X
b oo I e I o Show Graphics Dialog during simulation?
yp[J][13] =: phM[{aqg_gen}]:

4 Yes | Mo | Cancel |

19
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In case the convergence error occurs ... | /| M convergence aiteion tolerance (Pa_OK) could not b reached (morethan

Pa_lIM iterations done);

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [Project : Numerical and Configuration Settings |
Qz. Modules Record Windnw/ﬂglp\
Y e TP TR Y
&, [pc:*: N_“
@ —r; lm Settings | Config | |z7,'nz/2nm, 09:40

;fq FPC |‘ |Ea_SPP| Tolerances and controls: GEMSGUI v.3.7.0 and GEMS3K v.3.7.0 ‘
Q |
Process [Pa Dk [ 12-005| [a Tzu[ 7000| [pa 11| 30000] [a aG | 1|[[za_pac] 001

|Pa_psB| 1-013 [pa_pF¥| 1-005] 1e-005 1e-005] 15-005 1e-005 1e-005| 1e-00g|

[pa b | 1e-017) [ra ps | 1e-020] [pa x| 1e-013] 1e-013[ 1e-033] 1e-020] 1e-005]

|pa_Eps| 1e-010] 0.001] [Pa_can] 1] 1000 0.001][paps [ 1000
[papev]  130] 1] o|[rapr [ 0.0 0.01][rapws[ 12.05]
|Ea7PE | 1| |Ea71>c | 2| |Eajnni o[ -s| 1 |Ea7DK1| 15—010‘

20
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Process file - hydration of PC + limestone

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Medelling by Gibbs Energy Minimization - [Proces

1. Open gra ph C_)Mudu\es Record Window Help

3Er=_ clmtden 5| v s EQ)=

2. label graph

addition of limestone to PC e

63.57 < |0 |csha
‘-\ ~ |0 Portlandite
Plots default against e
- «#» = calculation number (J) g
} «0» = X-axis as defined 5
«Off» = not visible oo
381 = Water to «off» =T
w o |0 C4ACDSH12
& ‘A\\‘\ o |0 caacHn
E r |0 Calcite
25.4- \ = |0 OH-hydrotalcite
™| |off aagen
_\_
12.7 /__//__,.~_,__7,____ R N —
et
—
0.0 / Click legend symbols to customise

‘curves; select an abseissa under x#;

L e 46 5a 7.1 8.8 10.6] it orainate ¥ 1aveis, arag-crop
L el
Franment | Custoniie | print | saveimase || cjoes Heio | 21
. . . @Empa
Process file - hydration of PC + limestone

Modify the graph as you prefer: example

C) Customize Graph: addition of limestone to PC b4
Graph
0 - Lines/Symbols | j

addition of limestone to PC

Axis Setup
Abscissa grid |5 :‘ limestone Add Unit Of X—aXiS
Ordinate grid |8 =] |mass Add unit of y-axis
Graph x |0 10
v lo [6a Min - max
Fragment  x [0 [o 0 - 0: autoscale
y: |0 ID

Label font: Change Font... |Sans Serif,14,-1,5,400,0,0,0,0,0,0,0,0,0,0,1

Background Change Cclorm‘ ’

oK ‘ Cancel H Apply | Help }

22




Process file - hydration of PC + limestone

RS addition of limestone to PG L
suta J1rc o 64.0y Drag and drop = lo |cwHa
ﬁ) CSHQ € [ |= |0 rortiandite
—7 1] VCR{AF)SOMH
(ot %0 .Off" not visible 0 ennngie
0" visible 0
ok 48.01 IR
. 0 Monosulfate
Gibevie Double-click to/ 7
His 40.01 change colour 0
GEM2MT @ Portlandite @ 0 I@
@ 32.04 o |0 |CaAcHT1
% E < |0 |Cakite
e 24.0] < |0 OH-hydrotakite
P 3 <o [off aqgen
§D§ I
o 16.0- C3(AF)S0.8
ettringite i Adapt
8.01C4AC0.5H12 C4AcH1 ~___— | |names
—_— —
0.0 / OH-hydrotalc Click legend symbols to customise
. . - . 1 {lcurves; sefect an abscissa under x#;
00 20 40 6.0 8.0 10.0| ik snar Y bt arsrarop
B hem to plot area: right-click on ph
imestone Eraeow
qum!nll Customize Print ‘ SEVEENBQE‘ Close Help |
To adapt scale / axis-labelling
23
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Modify the graph as you prefer: example
£) Customize Graph: addition of limestone to PC X
Graph
||1 - Cumulative I L]
|additian of limestone to Pd
Axis Setup
Abscissagrid |5 |limestene I Add unit of Xx-axis
Ordinate grid |7 =) Imass I Add unit of y-axis
Graph x: |0 |10
y: o |40 |
Fragment x |0 |0
y: [0 lo
Label font: Change Font... JSans Serif,14,-1,5,400,0,0,0,0,0,0,0,0,0,0,1
Background Change Color...l I
OK } Cancel | Apply ’l Help }
24
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Cumulative graph — good to check if a phase is missing in the output
(as everything incl. water) needs to sum up to 150 g in this example)

addition of limestone to PC [
160. = csHQ
Portlandite
C3(AR)S0.84H

ettringite

monosulfate

3

CaAcosHIZ
caacH1t
Calcite
OH-hydrotalcite
aq.gen

BEIEEIEIE

mass

I
Opens the graph window]‘

Clicklegend symbols to customise
curves; selecton abscissa underx;
4.0 . . 9| |edit ordinate Y labels, drag-drop them

limestone

Help 25

. . . @Empa
Process file - hydration of PC + limestone .

Possibility of simple copy and paste of the data

Numerical OUtPUt into other programs e.g. Excel or Origin

Contots_| Scmnﬁn;“ Rezate | conia | [3vesraozs 1318

|lddA=1=n of limestone to BC \ PY_Nem|mass

£X_Nam| Limeszone Tesua forclandite C3(aF)S0.848  |etcringite =]
o ol 63.47553 34.63977 17.57782 5.325552 [ [
1 0.2 £3.35415 34.47733 17.54284 10.33258 [ 0
2 0.4 63.24718 34.32845 17.36471 1219456 ) ]
3 0.6 €3.1206% 3440284 17.42885 12.17089 [] o
4 0.8 £3.08952 34.42419 17.26622 12.1448 [ o
5 1 £3.21118 34.18831 16.56108 12.31388 ) )
& 1.2 £3.20875 3405228 16.24585 13.08273 [ [
7 1.4 €3.31221 33.24856 15.66943 13.42436 [] [
s 1.6 £3.25648 33.74383 15.89358 13.503 [] o
s | ¢3.11851 33.67438 15,4622 13.47583 o [
10 2| 62.90084 33,6048 15.53094 13.43863 o [

11 2.2 2.86257 33.53528 15.39868 13.42148 [ o
12 2.4 62.73¢6 33.46576 15.36842 1339431 [] [
13 2.6 62.60662 33.39622 15.33716 13.36714 o )
15 2.8 62.47866 33.32868 15,3058 13.33856 [] [
15 Bl 62.3508% 33.25716 15.27464 13.31278 [ [
18 3.2{ 62.22272 33.187¢4 15.24338 13.28562 o Q
17 3.4] 2.09475 33.11812 15.21212 13.25245 o [
18 5.6 6196679 33.0486] 15.18088| 13.23127 [ [
18 3.8{ 61.83882 32.57%09 15,1496 13.2041 o 0
20 1 €1.71088 32908528 15.11834 13.17¢93 o [
21 1.2 61.58289 32.84008 15.08708 13.13978 [] [
22 a5 1.55493 32.77088 15.09582 13.12258 [ o
23 48 £1.32696 32.70108 15.02456 1309541 [ [

24 s £1.108 32.63188 14.5933 13.0882¢ [ o+

O v 26
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Process file - hydration of PC + limestone

Copying data to or from Excel files

Change your excel to use , . ”
as a decimal point
in the control panel of Windows

We need decimal points,
not commas !

¥ Format anpassen . fa
Windows 10

Zehien Wshrung Uhrzeit Datum

Beispiel
Positiv: ‘123456 789,00 ‘ Negativ: ‘423 456 789.00 ‘

Dezimaltrennzeichen: ; v

Anzahl der Dezimalstellen: B T
Symbel fur Zifferngruppierung:
Ziffermgruppierung: 123456789 =
Negatives Vorzeichen: ]
Format fiar negative Zahlen: -1 ~|
Fahrende Nullen anzeigen: 07 &
Listentrennzeichen:
MaBsystemn: Metrisch v|
Standardiffer: 0123456789 ©
Ziffenersatz HNie v

Klicken Sie auf "Zuriicksetzen”, um die
Systemstandardeinstellungen fiir Zahlen, Wahrung, Unizeit | 2, 0 ckeetzen

und Datum wiederherzustellen
[oc ] | sbbrechen | [Gbernctinen

27

Process file - hydration of PC + limestone

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EqStat: Single Thermodynamic System in Project PC 1
I Modules Record Data Calculate View Print Window Help

oY s it @® X[ ¥ TECVE N e @R

rr——
& [emmmemnm Input: System Definiion. | Results: Equilbrium State. |

3| ailis s ] 7.8 o ”

J ] { I J Phase/species 'L 'Tvion/|uc |Add to HCIUG IGO

1fec o o [1 20 Jo |

| ® ag_gen 75 a+ g 0 J 0

Pllec 1000 0 20 000 % gas gen 6 g+ g 0 3

3 |pc |1001 |0 20 000 ®-C3 (AF) 0. 84H 2 s+ g 0 J

4 pc 1002 |0 20 [o00 R . g s+ g g a
®--ettringite-AlFe 5: = g J

FA[PC 11003 10 20: 1000 ettringite-FeAl 2 s - g 0 J

6 |PC |1004 0 20 |000 monosulph-&lFe 2 8 = g 1] J

7 |PC [1005 |0 20 000 1 monosulph-FeAl 2 s - g 0 J

8 |pC 1006 |0 20 (000 G Sptopisinoiion., . 2 s+ 7

A 157 o S a record of the equilibrium phase assemblage 7

Litomatically saved | 4

11|PC 1009 0 20 000

12[pc [1010 [o 20 000 . R A s £
0 individually 2 +

13 [PC [1011 |0 20 |

/)
i
1
1
1
1
1
1
1
10|PC_ [1008 |0 1l 20 000
1
1
1
1
1
1
/)
1
1
1

SO 0000000000000 000O00 000

1 : [ ”
27 [1alrc 1012 o 20 000 (e.g. to:searchfor “missing phases” in the output) -
Pt T4slec [1013 o 20 |00 & AL {OH) 3mic 1 s+ g 0 J
16|PC 1014 |0 20 000 2 Glh‘;ffl?e 1 s - g g N
i @ Kaolinite s+ g a
17[pc 1015 |0 20 (000 - Graphite 1 s+ g 0 p
18|pc 1016 |0 20 |o00 Mayenite 1 mE & 0 5
19/pc (1017 |0 20 [o00 & Belite 1 s+ g 0 J
20(pc [1018 |0 20 [o00 RImiAECe 1 s+ g 0 I
homliea 1 e+ o« -

28
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@Empa

Background: Limestone addition to PC

Formation of monosulfoaluminate in carbonate free paste, whereas
monocarboaluminate+AFt are predominant_in calcite blended paste

Monosulfoaluminate

Manor H  Monocarbonate

Euringite

Hemicarbonate

\%’ A CAF

.7(1.1)\ ﬂ

1 day

PCa
PC

r T
8 9 10

11 12
Angles 20 (degrees) CuKa

Lothenbach ea 2008, CCR 38
Good agreement between experiments and calculations

29
. .re @ Empa
Background: Limestone addition to PC
CaSo,
Excess phases:
wt% pore solution
C-A-S-H
. portlandite or
Phase diagramm suatingie
M AH,
plain P
Ms ®a o
6% ~~_
limestone ~~_ _
reactive
C.A
C,AH; Hc  Me CaCO;
OH-AFm
30
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Process file - hydration of PC + limestone

The past example has shown that adding limestone causes significant
mineralogical changes during cement hydration.

While these changes affect the qualitative composition of the phase
assemblages they also affect the quantities of phases present.

Thus an influence on the specific volumes of the hydrated phases in
dependence of the limestone content is likely.

Modification of the existing process to plot

- specific volumes of the individual phases present in the chosen
example

- composition of the liquid phase

@Empa

31

Process file - hydration of PC + limestone

Example calculation of volume changes:

Modification of the existing process to plot specific volumes of
the individual phases present in the chosen example

Calculation of volumes is based on individual molar volumes of each phase
included in the database

a5 For example ettringite:

Theor. density: 1.775 g/cm? (derived from
fitted unit cell size)

Molar volume

1ecm3/mol = 10-1J/bar 2> 70.7 J/bar

@ Empa

= 1255.11 g/mol / 1.775 g/cm3 = 707 cm3/mol

32
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Process file - hydration of PC + limestone

Modification of the existing process to plot specific volumes of the individual
phases present in the chosen example

Hints:

= Clone “old” process (ensure that you are in process mode) and save it under a
different name (suggested name: LS_Vol).

= Select same parent system.
= Only change the output part of the process file to calculate volume instead of

mass.
example:
mass: volume:
yp[J1[0] =: phM[{CSHQ}]; ypl[J1[0] =: phVol[{CSHQ}];

= Efficient: copy to word and use “replace” ypl[0] =: Xa[{CSHQJ}]; => Moles

= Change y-axis labelling to “volume” and make a cumulative plot.

@Empa

33
. . .
Process file - hydration of PC + limestone
1™ +H<‘Q-.[p K ﬂ =) 0 [pC:G:pC:0:0: 1:20:0:45_vol:s:
contros | [ samping Rests | confg | 130572019, 1559
[were [ ssss|  saffweer [ offz [ o= [ ssfee | s
pSTkey|PC:G:PC:0:0:1:20:0: oTm 1053 |[ cnw 0
cTau 0| epxi of|exs 1| cne 10|
cpi o[ cpe olfcEn olfer 293.15]
$ x—axis: fraction of calcite in cement
$ BC contains already 0.6% CaCO3
xp[J] =i xa_[{CaC03}1+0.&;
& y-axin:dn g per-100g unhydrared censnt 310 hVol[{CSH
YP[91[0] =: pAVOL[{CSHO}]; = o o
yp;:‘i{l] =: phvol[{Portlandite}]; yp[ 1[0] P [t Q};
YPIJ1[2] =: phVol[{C3(AF)S0.848}];
YPIJ1[3] =: phVol[{ettringite}]+phVol[{504 CO3 AFc}]
+phVol[{CO3_S04_AFt}]1; o o )
YpId114] = 0; Efficient:
ypIJI[5] =: 0;
yp:::é ;ez = gn\’nl[{[:‘iﬂs!‘ll&}§+anD1[{SD&_OH_AF\r}3+pn\’al[{0ﬂ_504_§l“n‘}]: copy to word and
yplJl[7] =: 0;
wI318] =: o use “replace”
YPI91[9] nVoL[{C4RcO.5H12}];
yplJl[10 phVol [{C4AcHL1}]; copy back
ypld][11 phVol [{Calcite}];
YPIJ1[12] =: phVol[{OH-hydrotalcite}l;
yp[J1[13] =: phVol[{ag gen}];
34
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@Empa

i i H Manesials Science and
Process file - hydration of PC + limestone i
addition of limestone to PC - Legend) x¥ [Label Y
70.05 o
o 0 Portlandite
= |0 CI(ARISO84H
= o [etingte
600 o 0 Plot 5
o 0 Plot 6
o 0 monosul Hate
0 [pes
o 0 Plot9
B = 0 C4AC0.5H12
< 0 C4AcHTT
< 0 Calcite
o 0 OH-hydrotalcite
400 E — § off |sagen
)
£
3
g
30.0

200

10.0:

]| E— ]

(Click legend symisols to customise

40 60 80 10,0 e bl s cro e
limestone k:plo:"a:! -iigmv(m on plotareato
Eaan] o | I oo e ] 35
. . . ®cmpa
Process file - hydration of PC + limestone e

Possible Links: Thermodynamics vs. engineering properties

15

10

relative change of porosity and
compressive strength [%]

0O 2 4 6 8 10 12 14 16 18 20 22
amount of CaCO, added [wt.-%]

one example of a good correlation between predicted changes of
relative porosity and measured compressive strength

36
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. . . @ Empa
Process file - hydration of PC + limestone e

Example calculation of pore solution composition:

= Clone "old" process (ensure that you are in process mode) and save it under a
different name (suggested name: LS_sol).

= Select same parent system.

= Only change the output part of the process file to calculate ionic
concentrations. Use the recipe wizard.

= Plot aqueous composition as total molality [mmol/kg] and pH

Aqueous composition: this example
yp[J1[0] =: m_t[{Ca}]; total concentration (as measured e.g. by ICP-OES or IC) B

I yp[J][0] =: Igm_t[{Ca}]; log total concentration (as measured e.g. by ICP-OES or IC) |

yp[J1[0] =: my[{Ca+2}]; species concentrations
yp[J][0] =: 10*Iga[{Ca+2}]; species activity (as measured by ion selective electrode)

yp[J1[0] =: pH; gives pH ! Very sensitive to temperature
yplJ1[0] =: IS; ionic strength
yp[J][0] =: my[{OH-}]; hydroxide concentration (molal)
37
. . . ®cmpa
Process file - hydration of PC + limestone e
Controls Sampling Results | Config | 27/03/2020, 13:55
NeTt | 9999 0] Next | E \ JE \ oflap | 0
PSTkey|PC:G:PC:0:0:1:20:0: cTm 1€
cTau 0|l epxi 0| exi 1| chu
cpH 0|f cpe 0| cEh Off eT
55x axis: total fraction of CaC03 in cement
SPC contains already 0.6 wt%
xp[J] =: xa_ [{CaCO03}]1+0.6;
yp[J1[0] =: 1lgm t[{Al}];
yp[d]l[1] =: 1gm t[{C}];
ypId1[2] =: lgm_t[{Ca}l; ypl][0] =: lgm_t[{Al}];
YpLI1[3] =: lgm t[{Fe}]; log total concentration
ypII1[4] =: lgm t[{K}1; (as measured e.g. by ICP-OES or IC)
yp[J115] =: lgm tl[{Mg}l;
yp[J1[6] =: lgm t[{Na}l;
yp[J1[7] =: 1lgm t[{S}];
yp[J1[8] =: 1lgm t[{si}];
yp[J1[9] =: pH;
38
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Process file - hydration of PC + limestone

@Empa

pH - value

addition of limestone to PC Legend|x# [Label Y
14.00 CE
- o |c
- [0 |
e [0 |r
13.75 e b
-~ o |mg
-~ o [n
- o s
13.50: e
o o |
13.25.
L 13.00
12.75
12.50-
12.25:
2| — 7
Click legend symbols to customise
12.00- .
0.0 200 40 6.0 80 78,0 s et i ncer
limestone o i st pota-cick s plotarea
copy orsaveimage

gt | o || it | soveimage | cose |t

M

39

Process file - hydration of PC + limestone

Elemental addition of limestone to PC ~Legend]c# |Label Y
007 o o
concentrations . e
> & - 0 e
& [0 K
1.0 e o |mg
Na = [0 |n
[* [0 s
. e o s
Limestone: sulfate 1 s T
=0 aluminium |
s
é 30 s s
o »cf."’ ca
Al c
-4.0 &
5.0
[4] 3
5.0 Click legend symbols to customise
601 55 75 5o 30 10.0 (uwex',s:}enva;\abb‘mmundﬂx‘:
limestone e iltare itk o o oem
e
et || oot | Dl | e e i Help \40
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. . . ®Empa
Process file - hydration of PC + limestone

OH
1000 T/ o
FIITE —
100 1 ") Na
g L ais e i A W
i e Wikt - PR B
- Ca Al
= | \ /N
E ' . o SR
R B e = @ e t— = =
0.1 1 s .Y
o «=PC | no limestone added
by —PC4 | 4% limestone
00()] +l T T T T !
0 0.1 | 10 100 100G
time (days)
Lothenbach ea 2008, CCR 38 Limestone: sulfate 1
aluminium |
41
. . . ®Empo
Process file - hydration of PC + limestone
60 - Fig. 21. The relationship between Al concentration in the pore so-
® DoH Iution and chemical shrinkage and degree of hydration of slag at
chemical shrinkage 28 days. Note, there is = 2% error assoclated with the method for
® I 0.06 measuring the Dol of slag
2
55 ot
o
R /% =]
) GQQ(/ . 0.05 E
- ® [+
5 %] g
% -
8 0.04 "S
= =® S
45 . E
limestone ' no limestone 54 ©
0.05 0.10 0.15
Al concentration, mM
Adu-Amankwah ea 2017, CCR 100
= High Al suppresses slag and
Limestone: sulfate 1 alite reaction
aluminium ! = Limestone accelerates
42

21



@Empa
Process file - hydration of PC + fly ash s

The past example has shown that adding limestone causes significant
mineralogical changes during cement hydration.

We now take a look what will happen when we use fly ash instead of
limestone.

In a second step we replace 5% of PC by limestone in those blends

Modification of the existing process to plot

- PC blended with fly ash (0-20 mass-% replacement in steps of 0.4
mass-%)

- PC blended with fly ash (0-20 mass-% replacement in steps of 0.4
mass-%), subtraction of 5 mass-% of PC by limestone

Mass-based output only.

43

@Empa
Process file - hydration of PC + fly ash et

Example:

= Modification of the existing process to plot a) masses and b) specific volumes
of the individual phases present in the chosen example

= Use an “artificial fly ash” with 100% glass content and simplified composition
= Assume 100% hydration of the fly ash and congruent dissolution

= Vary fly ash content between 0 and 20% in steps of 0.4%

= Create a predefined composition for fly ash (FA)

= Clone the project with limestone addition (mass-based), name it e.g. FA_mass
= Modify the input part:

= Vary fly ash content: modC[J][0] =: cNu*0.4;

= Fly ash quantity as xa_[{FA}] =: ...

= Remember that there is no limestone in the fly ash

= Activate C;AH; in the parent file

= Check for missing phases (look at the calculated single files). Add them to the output
part. Label the graph correctly.

= When the mass-based file runs smoothly, clone the file, name it e.g. FA_Vol and
modify the output part to display specific volumes (optional individual work)
44
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Process file - hydrated of PC + fly ash

@Empa

Composition of fly ash

average glass composition

XRF-analysis® [wt%]

Mineralogical phase composition® [wt¥]

Glass composition [wit¥]

F1 F1
Si0z 509 Mullite 82
Al03 247 Quartz 7.0
Fea03 73 Hematite 0.7
Cao 37 Magnetite 0.8
Mg0 18 Anhydrite
K;0 39 Periclase
Nax0 09 Lime
TiO2 1.1 Amorphous 833
Mn;03 0.1
P305 038
S03 04°
Sr0
LOI 35
o 2.7
Sum 99.1 100.0

Deschner et al.,, Cem Concr. Res. 42 (2012), 1389-1400.

F1

Si0, 544
ALO; 248
Fe,05 57
Ca0 46
Mz0 21
Kz0 49
Naz0 11
Ti0, 14
Mn, 05 01
P05 09
505 00

1000

We only consider
the «big four»
to make it simpler.

45

Process file - hydrated PC + fly ash

@Empa

Fly ash as predefined composition
recalculation in mol-%

Two options for input:

Glass composition [wti]

F1
S5i0; 54.4
AlzO3 24.8
FE203 57
Ca0 4.6
Mg0 21
Kz0 49
Naz0 1.1
Ti0, 1.4
MI'.I._'gDz 0.1
P>05 0.9
505 0.0

Option 1: Input in g oxide

Si02
Al203
Fe203
Ca0
total

Si

Al
Fe
Ca

in glass
g/100g
54.4
24.8
5.7
4.8
89.7

normalised molar mass normalised

g/100g

g/mol mol/100g
60.6 60.08 1.00943076
27.6 101.96 0.27116236
6.4 159.69 0.03979282
5.4 56.08  0.0954203
100

recalculation in atom-%

normalised

mol/100g

1.00943
0.54232
0.07959
0.09542
3.04715

=> Different options for
input in predefined
composition

Option 2: Input in mol elements

46
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@Empa
Process file - hydrated PC + fly ash

Make a predefined composition for fly ash

T Mogutes~Record Data Calculate View Print Window Help
== \ T dlE e
‘; @“|Slnqesystem | h +H¢$‘ K H‘ ) JW ‘ /\/ a‘ @ ‘ PC:G:PC_:0:0:1:20:0:
5 P Input: System Definition  Results: Equilibrium State |
SysEq 3 4 |5|6| 7| 8 A = =
P + [ oo Phase/species |L |T|Am0unt (mol) |logSI/Act1v1ty (¢
\_) Al oo oo oo a2 aq_gen 69 a 0.74137657 —6.317e-10
Process g gas_gen 6 g 0.0031839841 -1.115e-9
PG (1001 10 11 20 1000 :.s  C3(AF)S0.84H 2 5 0.040769951 -1.148e-9
€ PC_ 1002 |0 |1 |20 1000 s CSHQ 6 5 0.44660885 ~5.789e-10
GtDemo. PC_ /1003 |0 |1 |20 000 -5 ettringite-AlFe 2 s0 -1
PC_ 1004 |0 |1 |20 |000 s ettringite-FeAl 2 so0 -1
iﬂs 7\ [pC_ [1005 |0 |1 |20 [000 ;s monosulph-AlFe 2 so0 -1
GEM2MT LR PC_ |1006 |0 |1 |20 |000 5 monosulph-FeAl 2 50 =]
o\lpc_ 11007 (0|1 20 [000 s straetlingite 2 s0 -1.43
2o\ 11008 0 11 20 000 s ettringite 2 s 0.0097500224 8.224e-9
UnSpace |11PC_ 1009 [0 |1 20 (000 =3 504 OFLARm 2 = =
1>[bc_ 1010 0 1 20 000 » OH.304 AFm. Z 0 -1
q@; 13lbc_ 1011 0 1 20 000 e L E o -1
: 5y s CO3_SO4_AFt 2 s0 -1
Project |14[HC 11012 0 |1 |20 |000 :s  hydrotalc-pyro 2 s0 -9.748
15[ (1013 |0 1 20 000 5 MSH 2 s0 _1.257
1a|PE_ (1014 [0 |1 |20 [000 s Al(OH)3am 1 so0 ~3.33
17|pq_[1015 |0 |1 [20 [000 s Al(OH)3mic 1 so ~2.466
12[pd[1016 |0 |1 [20 [000 ;s Gibbsite 1 so ~1.943
1alpd (1017 |0 |1 [20 [000 s Kaolinite 1 so -13.82
20lpc) 1018 [0 1 |20 |000 © s Graphite 1 s0 —85.21
nla Tan lnan s Mavenite 1 s0 -135.1

Click here to assess the copy of the database

associated with this project .

Make a predefined composition for fly ash

& R

1comp 1 [4]

! B — Page 1 settings | 01/02/2018, 09:11 ‘
ReacDC

20|Cas04 05H20
peomp | 21]Casio3
22|Fe203
23|FeCO3
24|Fe0

25|FeOOH [0-0600843] 0 0 9] 0 : .

PC with limestone

Composition from Lothenbach_ea b:2008:pap:

svmIC|PCO svymic[cIc[cT

0 |Al . 0.05907926| |0 |Al M 0

1 C 0.0036313673| (1 |C (M 0

2 Ca .. 0.70041792| |2 [Ca .. |[M 0

2Fe 0.024634934| (3 [Fe .. M 0
35|Mg(OH)2
[36]Mg35i205(0H)4 4 K 0.010179733| |4 K - (M 0
| 37|MgCO3 5 |Mg 0.027451387| |5 M 0
3R|MgO 6 [Na .. 0.0083306518( (6 [Na .. M 0
39|Mgs04 (A i o) S
[40|Na2c03 o = 1.3359998|(7 [0 .M 0
41|Na20 8 [5 . 0.017580691( (8 S ..M 0 Ll
47|Na2504 — . -

2[NaOH 9 |[si .. 0.20664962| |9 [Si ..M 0
02
PC
a\[s03 L 4q [
an\sio2 >
< »
—— ” |

\ Click here to assess the list of predefined
compositions and to create a new one 48




-

Use «Record — New(Clone)» from the pull-down menue or click here
(«Record - Remake» allows you to change an existing record)

Modules R a v
B8l H@w (3
% 4 ompos :: Predefined compositio
1Comp 1 [+]
(1A=t — Page 1 Settings |‘l)1/l)2/2018,[)9:11 ‘
20]Cas04 05H20 !
DComp | 21]Casio3 - -
57 |Fe203 |PC with limestone
x 23FeCO3 IComposition from Lothenbach ea b:2008:pap:
ReacDC | 24 |FeO
25 |FeOOH | 0.0600843 0 0 0 0 0 0
éﬁ 26]Fes
RTparm | 27 |Gypsum
@ |28|H2
& 2a|H2s symIC| PCO svmIC|CIc|CI
Phase | 3n|H2504 0 [a1 . 0.05307926 [0 [a1 ..|M 0
L [Eddkocos 1 | . 0.0036313673/ [1 | ..M 0
(k20
Compos |53 (k2504 2 Ca .. 0.70041792| (2 Ca ..M 0
34 [KOH 3 |re .. 0.024634934 (3 [Fe .. |M 0
35 |Mg(OH)2
26| Mg351205(0H4 4 g . 0.010179733/ (4 [k .. |M 0
37|MgC0O3 5 Mg 0.027451387 |5 Mg ..M 0
38 [MgO 6 |wa .. 0.0083306518) (6 |Na ..M 0
39 |MgS04
20|Na2C03 7 lo . 1.3359998 (7 o .M 0
41|Na20 8 [s . 0.017580691| (8 |5 ..|M 0 I
27 |Na2504 - -
tinaon 9 |[si . 0.20664962 |9 [Si ..M 0
44102
s PC
— . J_I
475102 - _I_'[o_CLeate_a_neMm:r_y,_n:_lstesj:_to_clane_an_l
q ] > existing one - we chose to clone the entry PC
d 49
M|Crmna

Make a predefined composition for fly ash: option 1, add g oxides "

&\ Compos: Please, set a new record key x

| FA:MIN:Portland_cement_:

FA lame of predefined composition object (PCO)

MIN Code of PCO type { AQ RO GA FL HC PM MIN }
]

ﬂyfalsh I Comment to PCO description
Ok | Reset | From List ‘ Hel

F Gw-sﬂ-ww&pmms Setug: FAMINAly-osh:

Step1- )

Compos record contains data for a Predefined Composition Object (PCO), which describes a salt. the air, 3
mineral. a rock. a natural water, etc. treated as a single named entity in the chemical system recipe.

PCO can be configured ing to th data: as IC or DC i defir
formula (UDF) units; or as a large UDF entered into a text field.

Upon re-calculation, all given quantities will be added into a single IC mole amounts PCO vector, optinally
scaled 10 a given total mass {in kg) or total number of moles.

PCO input data configuration q

% Use amounts of Independent Companents (IComp) in this PCO definition (default)?

™ Use formulae of Dependent Components (from DComp/ReacDC records) in this

I [4 = set number of user-defined formula units for this PCO definition (0 by default) I

Optional: Input user-defined formula (UDF) text

Use a user-defined formula text input field for this PCO definition?

e s | [ mitl]| (] s

Can be used to add g oxides
4 as Ca0, Al203, SiO2, Fe203

Will have to written manually

&, GEM-Selextor Compos Setup: FAMINlY-ash:

Step 2 - Additional settings and next actions

Optional

[+ =] set here the number of links to SDref bibliography records (defauit 0)

I Use a vector of data uncertainties in this PCO definition

‘What will happen after you clck “Finish™
(1) For a PCO definition using IComp amounts, a st of available iCamp records will be shown, asking you to
mark the desired ones.

{2) In a PCO definition using DC formulae, a list of available ReacDC/DComp records will be shown, asking
You 10 mark the desired ones.

(3) Page 1 of the ‘Compos’ window appears. ill out BCname field and (optionally) BCnote lines. Then enter
ata and formulae wherever needed, check units of amount/cancentration.

[M motes v Select units of measurement for this UDF quantity (default: M) {4) Click on ‘Calculate' toolbar button to compute the PCO vector. Check or enter the normalization values
in MasVol[0] and MasVol(6] fields and calculate again, if needed. Setting both fields 10 zero disables the
[o Enter here the UDF quantity o amount in selected units (default: 1) normalization of PCO to the total mass or total amotint of moles, respectively.
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Make a predefined composition for fly ash:

option 1 and 2

. Please, mark IComp keys for PCO definition

Please, mark one or more record keys. Filter: *:*:*:

Aluminum

Iron
h  Hydrogen_
e ©Potassium
e Magnesium
e Sodium

o Oxygen
Sulfur
Silicon
z Electric charge_

Select the elements you need + O

(same procedure for input option 1 and 2)

Select All

Clear All

Help

0Ok l Set Filter
L

51

Make a predefined composition for fly ash: option 1, add g oxides .

ulation finished psed

Page 1 ‘ Settings 07/03/2022, 13:05

=) 9 ‘ FA:MIN:fly-ash:

3) Once everthing is entered,
recalculate ...

Fa

Composition from Deschner_ea_b:2012:pap:

1 ... and save new record.

= Enter 0.1

o| «.721553]| Normalises everything

0.1 [ ol 0
synIc| pcol symIc|cIcl c1
Al e 0.54138197 olar e |u of
B D 0.096295475)| ilca e |m 0|
B D 0.080156203 2lre e M of
5 c 3.0457686 3|0 s |u of
si e 1.008s2s|] 4fsi e [ o

Write CaO, Al203,
Si02, Fe203

Case sensitive!

Page 1

to 100 g (0.1 kg)

2) Enter values
Composition normalised to 100g

| Settings

07/03/2022, 13:05

|+_- + -}- ‘{l

s

a

[

[~
-
5

|Deschnerﬁea: 2012:pap:

‘m composition

formu| avcl | ca

0fcao g 5.4

1|sioz g 60.6

2{nl203 g 27.6

3|Fe203 6.4
2 52
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Make a predefined composition for fly ash: option 2, mol elements

&\ Compos: Please, set a new record key (2 e

[FA:MIN:Fly-ash:

FA ame of predefined composition object (PCO) Instea d Of g OXidES we use
MIN Code of PCO type { AQ RO GA FL HC PM MIN }
- ol of elements
|Flyfash\ Cmeenl to PCO description
i
‘ ok II Reset | From List | Help | Cancel |
| X )
Py GEM—SeIeWCcmpos Setup: FAL:MIN:Fly-ash: L7 o [GEM'Sﬂe“Of Compos Setup: FAMINFly-ash: | o o

Step 1 - Predefined Composition Object (PCO) configuration

Compos record contains data for a Predefined Composition Object (PCO), which descril
salt, the air, a mineral, a rock, a natural water, etc., treated as a single named entity ji
the chemical system recipe.

PCO can be configured according to the source data: as IC or DC amounts/concentfations;
as user-defined formula (UDF) units; or as a large UDF entered into a text field.

Upon re-calculation, all given quantities will be added into a single IC mole
vector, optionally scaled to a given total mass (in kg) or total number of mgles.

PCO input data configuration
' ¥ Use amounts of Independent Components (IComp) in this PCO q%ition (default)l’
[ Use formulae of Dependent Components (from DComp/ReacDC records) in this PCO? Ul
|O{ § Set number of user-defined formula units for this PCO defini (0 by default) I
1 Optional: Input user-defined formula (UDF) text

[” Use a user-defined formula text input field for this PCO definition?

M moles ~| Select units of measurement for this UDF quantity (default: M)
(] Enter here the UDF quantity or amount in selected units (default: 1)

—

Step 2 - Additional settings and next actions
Optional

1 =] Set here the number of links to SDref bibliography records (default 0)

[ Use a vector of data uncertainties in this PCO definition

What will happen after you click "Finish"

(1) For a PCO definition using IComp amounts, a list of available IComp records will be
shown, asking you to mark the desired ones.

(2) In a PCO definition using DC formulae, a list of available ReacDC/DComp records will
be shown, asking you to mark the desired ones.

(3) Page 1 of the 'Compos' window appears. Fill out BChame field and (optionally)
BCnote lines. Then enter data and formulae wherever needed, check units of amount/
concentration.

(4) Click on 'Calculate' toolbar button to compute the PCO vector. Check or enter the
normalization values in MasVol[0] and MasVol[6] fields and calculate again, if needed.
Setting both fields to zero disables the normalization of PCO to the total mass or total
amount of moles, respectively.

Learn more <Back [ h | |cancel |

Learn more < Back Next> Cancel
Learn more | [ Jeancer |
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Make a predefined composition for fly ash: option 2, mol elements

o

19y

bw Help

w,b +E@® X H g ;-_-QH 9 “FAI:MIN:FIyrash:

I Page 1 Settings | }OSIOZIZD%, 10:50
L

FA, simplified, normalifed to 100 g

Composition from Desc%eriea:2012:pap:

‘ recalculation in

7 atom-%
0.1] 0 0 0 0 0 of
| ! ; // ‘ : (1 normalised
svmIc[eco / svmIC|CIc[g mol/100g

0o [a1 .. [ o0.51220563| [0 [ M 0.54233 Si 1.00943
1 Jca .| [ o0.005415713[1 [ca ..M 0.09543 Al 0.54232

2 |Fe / 0.079586424/ [2 |Fe ..M 0.07959
3 o |/ 3.0470131| [3 o M 3.04719 Fe 0.07959
4 |si .. 1.0093846| (4 [si ..M 1.00947 Ca 0.09542
o 3.04715

equivalent options, minor difference due

=> Enter values

When everthing is entered, recalculate ... ... and save new record.

rounding off (number of digits ...
54
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@Empa

Motesias Science ant Fechnoio

Single calculation - hydration of PC + fly ash

B Modelling Projects X
GEM-Selektor modelling projects: Select one to open, or click ‘New Project..’ to create
ALuSiOMSA MUSICAluminaSilica -
hragCalc Aragonite-Calcite m Compos ®
BermanMss TestsMultisiteSolidsolutions
c3n Cour
CFASH n::T;:_SIT FA MIN Fly_ash_1M_ record to be inserted into project system,
csa CSA system Action?
solutions
oAt Do it Da it for All Cancel
GEMS3K-test-example
test project gem2mt
Soultz_1
Test-JNC m Input Recipe of Single Thermodynamic System: PC:G:PC:0:0:1:20:0:
Mineral-Ag-Reactions
Mylstproject
tname |Pd
[¥ Retain setup of aqueous (and gas/fluid) phases Re-calculate a Property _Salection
[™ Change file configuration of the selected project [~ GEMStest Compos (xa)
[ Activate Project Remake wizard u i DComp (xd_) AIOH)3 Caco3 H2504 PC
i = utomate || e oimp thi ) 203 CaMg(CO3Z  K2CO3 503
[™ Create a new project using the selected one as a template Phase (xp_} AJ2Si205(0H)4  Cal K20 Sio2
Mok it Kin.lower (dIl) Aqua CaS04 K2504
ake a new project: Kin.upper (dul ) C12a7 Cas04.05H20  KOH
o i i GO shift (gEx) s 25i0 Mg(OH)2
® by copying records from default database T by linking fil Other Inputs = Mg3siZ05(0H)4
c3s Fe203 MgCO3
u C4A3s FeCO3 MgQ
= C4AF FeQ MgS04
CA FeOOH Na2C03
CAz Fes Na20
CH4 Gypsum Na2504
coz HZ NaOH
Ca(0H)2 H2§ 02
o | 2
Then go back to your project 55

Process file - hydration of PC + fly ash

FESL L RIREY I e

__ Clone LS mass

I Controls Sampling I Results | Config | i27j03,‘2020, 13:29 {USE |ﬂ|||ﬂﬂ_he|: ﬂf Steps = 5])
Iaddition of FA to PC I
- change to 0% FA as start
GEMS tutorial up to 20% FA
Change to 2000 to change to 0.4 step size
iTnC i D irc iNv |iTau ipXi iNu ipH ;

0 2000 0 1 20 0 0 0 0 0
3t 2100 (1] 1 20 0 0 ] 20 o]
2 1 ] 0] 0 0 0 0 0.4 0
cTm 0 1 20 0 1] o [1] 1]
5 amount of FA, modC 0]
Swill written in 1st column; cNu = calculated number 0
modC[J] [0] =: cNu;
xa_[{FA}] =: modC[J1L01: =

We have calcite only in the PC 2
5 amount of PC
*2. LIFCH, =2 100-made[d] [0]; We now add fly ash instead of limestone 2
SPC written in 2nd column; xa_[{FA}] =: modC[J][0]; q
modC[J] [1] =: 100-modc[J1[017 S

6
56
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Process file - hydration of PC + fly ash

@Empa

Mo Scence an Fechnioay

Controls | [“sampling _ Resus | config | [31/0572003, 172

Y I I I ) I )

|pSI‘keyJPC:G:PC:O:O:1:20:0:

[ cray] of[  epxi] of exs I
[ sl ol cre| o cen| o e
$ x-axis: fraction of FA in cement
xp[J)] =: xa_[{FA}]; Change comment, change x-axis
$
§$ y-axis in g per 100 g unhydrated cement
yp([J) [0] =: phM[{CSHQ}]:
yp[J)[1] =: phM[{Portlandite}]:
yp[J1(2] =: phM[{C3 (AF)50.84H}];
yp[J) [3] =: phM[{ettringite)}]+phM[{S04_CO3_AFt}]+phM[{CO3_504_AFt}]:
yp[J][4] =: phM[{straetlingite}]; New phase: (Ca0),Al,0;Si0,(H,0),.5 |
VBLI1 (5] =: phM[{C3RHE}): New phase: Katoite => Label also columns
vp[J) [6] =: phM[{C4AsH1€}]+phM[{SO4_OH AFm}]+phM[{OH_SO4_AFm}]:
yplal (7] =: 0:
yplJ) (8] =: 0;
yp[J1[9] =: phM[{C4Ac0.5H12}];
vyp[J)[10] =: phM[{C4AcH11}];
vp[J]1[11] =: phM[{Calcite}];
yp[J) [12] =: phM[{OH-hydrotalcite}]:
yp[J] [13] =: phM[{aqg_gen}]: 57
. . @Empa
Process file - hydration of PC + fly ash -
addition of FAto PC el
160.0 o Jom
el Portlandite
o 0 C3(AF)S0.84H
140.0 aq_gen [ Jo [ armsinge
- o |c3aHe
- |0 Plot®
120.01 b o |pes
o |0 C4ACO.5H1Z
o |0 CAACH11
o lo [cale
100.00 o~ |o OH-hydrotalcite
v laee
0
& 800
E
60.0
400
200
Le JE—
0 Clck legend symbols to customise
; 16.0 20,0 e
o plot area; right-click on plot area to|
Fly ash ia;m:e.ﬁg,' ,, l
el el 58
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Process file - hydration of PC + fly ash

@Empa

What happens, when we replace 5% of PC by limestone?

Mo Scence an Fechnioay

Controls Sampling | Results | Config | ‘27,’03,!2020, 15:27

Process file - hydration of PC + fly ash

addition of FA to PC+Cc
160.0-

aq_gen

mass

~Legend| & [Label ¥

csHa
Portlandite

C3(ARISD.BAH

ettringite

straetlingite

7

HEEEEEEEBEE

C3AHS

monosulfate

Plot2

Plot 9

CAACDSHIZ

CaACHTT

Calcite
OH-hydrotalcite

[]
0
[
0
[
0
[
0
[
0
[
0
[
0

aq.gen

No mono

calcite is ¢

L {D— ]

(Click legend symbols to customise
curves; select an abscissa under x%;

addition of FA to PC+Cc
GEMS tutorial

iTm iv iP iTC iNv iTau ipXi iNu ipH
0 2000 0 il 20 0 0 0 0
1 2100 o 1 20 o 0 1} 20
2 1 o 0 0 o 0 0 0.4
cTm 2000 o a5 20 o a 1] 1]
5 amount of FA, mo
Swill written in 1st column; cNu = calculated number 0 r
modC[J] [0] =: cNu;
xa_[{FR}] =: modc[J][01; =

2
5 amount of PC o
xa [{PC}] =: 100-modC[J][0]-5; We substract the 5% LS from the PC ... 3
xa_[{CaCO3}] =: 5/ ... and add 5% CaCO,. 4
SPC written in 2nd column; 5
modC[J]1 [1] =: 100-modC[J] [0]1-5; &
59
@Empa

Az Scence ant Fechnoioay

ulfate,

no hemicarbonate

but monocarbonate
and ettringite

onsumed

16.0 0| lecit ordinate V Iabels, drag-drap them
g ot
Fly ash copy orsavemage
Fragment | Customize | Print | Save \magal Close Help

60
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Process file - hydration of PC + fly ash

@Empa

Addition of fly ash to PC:

Ettringite destabilized, formation of monosulfate

Less portlandite, more C-S-H (Ca/Si of C-S-H decreases, not shown)

=> ternary blends with fly ash and limestone favourable to stabilize

ettringite (see e.g. de Weerdt et al,, Cem. Concr. Res. 41 (2011), 279-291)
Strétlingite appears after consumption of portlandite

250d [ 5504
HC MC CH HC MC CH
AFm,, .‘
E E i E Hof E
1 \Ms; |l Mu
i | il
! /i / ! OPC-Fi-L
A mf’"‘%f_'N e A A

i Ll
*.MWNMMJ A
Deschner et al., Cem Concr Res. 52 (2013), 169-181. b’\* F

S 1 ¢ Y (W,

| oPc-az

L\OPC

7 8 91011121314 1516171819 7 8 9 1011 121314151617 18 19

°2 Theta Cu K-alpha
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