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Why do we need to model reactive
transport (RT) processes?
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Why we model RT processes? WEmpE

Life Cycle

l: e Increase the service life of the structures
Performance Py

Service life modeling

" “"Reduce Reduce Cemeﬁi‘ . Increase the use of low-carbon footprint

\"—-_‘C!inker Content .- cementitious materials and powder extenders

Oregon State
University

Why we model RT processes? WEmpE

* We have been using conventional (in-spec) SCMs, some
limestone, etc.

Life Cycle
- i + We have been increasing the use of
o underutilized, novel, low-carbon footprint binders
» Off-spec SCMs (off-spec fly ash, natural
pozzolans, slag, etc.
» Other types of ashes (bottom ash, reclaimed
= Reduce Cement ~, ash, agricultural ash, etc.)
~ Content _ -~
o e R s=w=oE” » Other industrial and natural products (pumice,
clays, etc.)
Increase the use of low-carbon
footprint cementitious materials o powder extenders
and powder extenders + Larger limestone replacement

» Synergies with binders (e.g., limestone + Al-
containing binders)

Oregon State
&7 University




Why we model RT processes? @Empa

o Techrlony

* Do we know how these unconventional
binders react?
: * Maximum reactivity (portion of the
OPC chemistry reactive components)?
C3S, G;S, C3A, C,AF, e Reactions vs. time
Na,0, K,0, etc

+ Can we perform service life modeling of
concrete produced with these materials?
* Modeling transport of deteriorative
species (e.g., chlorides, sulfates, etc.)
Other binder * Modeling reactive processes (e.g.,
chemistry chloride binding, sulfate attack, salt

Si0,, Al 05, Ca0, damage, carbonation, etc.)
Na,0, K,0, etc.

Photo 44066082 © Luchschen | Dreamstime.com
Photo 43874974 © Alexander Levchenko | Dreamstime.com

Why we model RT processes? ®Empa

Saline Formation

CITITLIIEIEIPIFT I LTI F I TFSTIIETEFFETIEy

Source: NETL

High temperature (85°C), high pressure (14.7 psi),
supercritical CO,, complex brine chemistry




Variability of cementitious materials

A Liter

of Cc

based Dataset Containi istical Ce and

ial and Novel St Materials

v C

Dataset Version 1.0

Keshav Bharadwaj, O. Burkan Isgor, W. Jason Weiss

Oregon State University
School of Civil and Construction Enginecring.

Corvallis, OR 97331, USA

https://doi.org/10.7267/ft848z051

May 20,2022
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Variability of cementitious materials

Sio,

ASTM C 618 SCMs

v Class FFA
4 Class CFA
» Off Spec. FA
< Bottom Ash

Calcined Clay
« Natural Pozzolan

Composition

Reactivity

------ Silica Fume (ASTM C1240)

@Empa

100% 4 — Fly Ash (ASTM C618) .
oo Slag (ASTM C989) e
-----CalcinedClay  ~ 7777 H
1
5 80% + '
2 z
- O Y 0N S ——— !
-
/\ T 60%
[
Al,O 2
2-F £ 40%-
=
E
3
20% b
: ;
0 — — T T 1
0 20% 40% 60% 80% 100%
DOR* (%)
Oregon State
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Variability of cementitious materials @Empa

Reactive Pozzolanic Oxides (RPO)

RPO = DOR* x (Si0; + Al,03) "™ Tgmzswren = e

80%d — ;ﬁr;?:n Line

o 60% . re

~ i 40% - g

' A 20% 'g

Ground Quartz  Avg. Fly Ash a . g

>95% Si0,  ~75% SiO,+ALO; |, , s

~0% DOR* ~40% DOR* Class F Class C Off-sped CC Neoo @
RPO = 0% RPO = 30% Ely A

Orggqutate

&7 University
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Some background on transport
terminology...
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Transport of what? WEmpE

m Heat
® Moisture ALL RELATED TO PORES
m |ons (e.g. Cl, OH-, SO/, etc) AND WATER IN THE
m Gasses (e.g. O, CO,) PORES!
- wlc = 0.3 at 7 Days -= wic = 0.3 at 7 Days
2 o4l 111y R S R
£ E
£ £
= 0.3 = 03
=2 =
£ ) = 3
_g 0.2 - Evaporable Wate, % 0.2 Capillary Water
o 1 o
£ o1 S o1
E 1 Non-Evaporable Water é‘
'g o . T ¥ T L T . T * T vn_g ]
= o 20, JAD. . S0. 80 '00 - 0O 20 40 60 80 100

Relative Humidlity/(%) Relative Humidity (%)

(Source: Weiss et al.)

Oregon State
University

Water in pores A

Entrapped air vold

Interparticie T[N

Max. spacing
11| entrained air tor
durability 1o frost
action

(Source: Weiss et al.)

| of |
C-5H particles
0tpm 1um 0um 100um 1mm 1amm
1001 1000 wmn 19w 100w 104 wis 10

(Source: Modified from Mehta and Monteiro,
2006.)

GEL PORES are pores in the C-5-H gel (2-5 nm)

%

L m,.;ji\w CAPILLARY pores are the remnants of the space between cement particles (5 nm — 10 pm)
X e

TS TR

Oregon State
University




Why do ions move?

Diffusion

® |ons move (in water) due to a concentration gradient

Movement of ions with moving water
® |ons move (with water) that is under hydraulic pressure gradient

® |ons move (with water) due to moisture gradient

(Electrical) Migration

® |ons move due to electrical potential gradient
® Movement due to ionic interactions

® |ons move due to interactions with other ions (activity)

lonic flux =

Electrical
migration

@Empa

+ \ Advection ‘

e Oregon State
& University

lonic diffusion in water

~x

~x/

SOLVENT

t-o

_4

“Blausen 0315 Diffusion” by BruceBlaus

dopa Oregon State
& University




Advection — ionic movement with water @Empa

v = rate of flow (m/s)

Question: Why would water move?

G Oregon State
& University

Advection — ionic movement with water @Empa
FLUX VECTOR (N, J, F, etc.):

Amount of substance (e.g. ion) passing through per unit
area per unit time

Unit: MASS/AREA-TIME (e.g. mol/m?3-s, g/cm?-s, etc.)

o Oregon State
& University




Diffusion flux

Fick’s First Law

] Oci

Ni=-D— (1D)
ox

Ne=- 2,22 130)
2y

N=-D2_p2_p% (3p)
ox dy Oz

Ni=-DiVci (1D, 2D, or 3D)

o & 0
=—+—+—
Ox 0dy Oz

@Empa

1

7xe]
W

—

JoLute = = = =1

SotvenT i
koo ted, Lot, ity

¢; = Concertation of ion i (e.g. chloride) in solvent (e.g. water)
D; = Diffusion coefficient of ion / (e.g. chloride) in solvent (e.g. water)

(also called “the self diffusion coefficient”)

Oregon State
University

Diffusion flux

:?3 vy

Souute

A

SEY s
T e ~ -

SoLwenT
t:o 44,

Example: lons in water at 25°C

Mobility, Diffusion
w0~ coclficicnt,

Species  nr 1y D (mtsy
OH~ 20,56 528 % 1077
Fe?* 5.60 0.72 x 107
Ca?t 617 0.79 % 10-
o 792 203 x 10°°
Na* 519 133 x 107
K* 762 196 % 107

o - 220 x 107

@Empa

Einstein’s Equation
(Universal gas constant, 8.3143 J/mol-K))
(Temperature, K)
J (Mobility of the ion at 25°C)

b, _ Ku

/liF

(Valance # of the ion)

(Faraday’s constant, 96,488 C/mol)

Oregon State
University




Diffusion flux

@Empa

G T i : g 7
B S = TR Einstein’s Equation
ST = ! = . => . : ; .
b (Universal gas constant, 8.3143 J/mol-K))
A
SoLuenT i (Temperature, K)
g 5 ah; =43 ERE e var )
to = == l (Mobility of the ion at 25°C)
i RTuy,
Example: lons in water at 25°C Di=—5
4
Mobility. Diffusion /
(107 cocflicicnt,
Species m*es~!velh) D (s (Valance # of the ion)
U}!' 20.56 526 x 1077
iR G (Faraday’s constant, 96,488 C/mol)
[ 792 203 x 10~°
Nat* 519 133 x 107
K+ 762 1.96 % 1079
o - 220 x 107

" Oregon State
University

Advective flux

@Empa

Question: Why would water move?
(Or why do we have v?)

e
v=—(K/u)\Vh |
Pressure gradient

Coef. of permeability ~ Viscosity

* Pressure head (positive pressure)
* Capillary suction (negative pressure)

Wicking (moisture gradient)

" Oregon State
University
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Advective-diffusion flux ®Empa

- f
\.: -: . Advective flux: Ni = VGi
Lo -
T \x Diffusion flux: Ni=-DVci
;ﬂn)' k) Advective-diffusion flux: INi = v¢i — DiVei
: i
le‘&\u Sta
2 water
A
"Efn Sl '\2 Advective-diffusion flux (1D in x direction):
v = rate of flow (m/s) ( V? & '} N D aCi
i=WCi—LJi
ox
e Oregon State
& University
Migration flux A

lons move due to electrical potential gradient

Ni= —EGV¢
RT

z; valance electron number for the ion (e.g. for CI,
z=1)

F: Faraday's constant (96,488 C/mol)

R: Universal gas constant (8.3143 J/mol/K)

T: Temperature (K)

¢ electric potential (V)

Question: What are some examples this might apply?

S _ Oregon State
& University

11



Activity flux WEmEa .

lons move due to interactions with other ions

Ni =-DiciV ln Vi Question: How important is it?
y;: activity of ion i
With ionic interactions Without interactions
r Boundary 3 Boundary Boundary 3 Boundary 2
A ! 7
baa, 124 ) B
Ap ~==pH |
124 - | ™= ‘ CHOH | g 120
122 LN —
e g
. i 12 -4 - =N~ " N 51‘ 3‘*50‘:8
. S SEE o] TN
a = g A £ c_g
© 11.8 — o o N |
[ S 1 & ca *\Na‘ °
122 oo a” o 8
o -9 116 A Aty e %_! .
frmie R o | S
B > - - B
) e e 0 L T G
. . X Hy b)  00x10° 40x10" 8.0x10" 12x107 1.6x10° p4
) 0.0x10" 40x107 80x10° 12x107  1L6x10° Distance (m)
Distance (m) "
# Oregon State
University
Total flux in water @Empa

N.=c;v — D;V¢; — %cilﬂp — DiciV Invy;

\

lonic flux due to electrical

lonic flux due to water . X
potential gradient

movement
lonic flux due to interactions

lonic flux due to water between ions (chemical activity)
movement

Oregon State
 University
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Total flux in water @Empa

Question: Can we still use the self RTuy;
diffusion coefficient of the ion i in water? = ZF
If not, D; =7
Total flux in porous cementitious matrix @Empa

Formation factor

FF — rcancrete i
Tps =B
Di . __Tps <+— (Electrical resistivity of pore solution)
Dy Teoncrete <«— (Electrical resistivity of concrete)
@9 Oregon State
&7 University

13



Total flux in porous cementitious matrix @Empa

DlCl

Ni=Civ — Di,CVCi V(.p

/ RT
lonic flux due to electrical

lonic flux due to water . R
potential gradient

movement

lonic flux due to water
movement

D. =

L,C

3k

DjcciV Invy;

lonic flux due to interactions
between ions (chemical activity)

Oregon State

‘ University

Mass conservation equation ®Empa
:§ o lwn::(lx.s anjnuysl ’
E 0.3 4
E PR Evaporable Wat
E 0.1 4
a Ci E Non-Evaporable Water
— g o R T T t
af a3 ? Retative Hum?giiy (2.9) 1o
Without chemieal reactions: Evaporable water
'V (6iv = DicVe = DicciViny; — R ¢iVe) =0
With chemical reactions:
Spoc; D; .z;F dc;
¢ (; “ 4+ PSLV (civ— D; Ve, — DicciViny; — Lot CIV(p) a;'r =0

14



Multiphysics problem WEmEa .

Ionic transport:

Electrical potential:

Heat transfer:

Moisture transfer:

Spac ac; D; cziF G i
$SL9¢ + S, ==+ T - (=D V¢ — D P Iny; — —=—;Fp + cjv) = 0 Boundary Conditions
at at ’ ’ RT '
*+ Solve for Cl, Ca*?, Na*, K*, Mg*2, OH-, SO, , etc. concentrations s
1 RH
V. (=Vp)=0 me
p
* Solveforgp  _
precip
ar ¥y e
PeoCq % +V (L VT)=0
5 3 Salt
+ Solve for temperature profiles ————» At every point in p A
domain and at A time
dw, ch every time step of '
a0 o V(D Vhy=0 / the analysis
+ Solve for RH and moisture profiles
Oregon State
University

@Empa

Modeling reactions during transport of
species in a cementitious system...

. Oregon State
University
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@S;1.0¢; D; ¢ 7
—+ quLV | GV — Di,cVCi - Di'CCth'l Yi—"

Bound Chloride {wi% cement)

Method 1: Explicit integration into PDE @Empa

at

Example: chloride binding

Reaction term

14

c=cg+c
124 c.:,%}jct\‘ f b
10 V= Too

acCe

081

C =
sk g b7 + B
04t = e w 14% CiA
02t? SR oo Langmuir Isotherm
) «2% CA
0.0

0.0 02 04 0.6 0.8 1o
Free Chloride (M)

Yuan et al. 2009

Oregon State
University

Thermodynamically calculated chloride binding isotherms:

Bound chlorides (kg/m® of cem. material)

Method 1: Explicit integration into PDE @Empa

(a) 100% orc

= Experimental data
Freundich isotherm (experimental)

— Langmuir isotherm (experimental)
Thermodynamic (GEMS) calculations
Freundich isothen (ihermadynamic)

—— Langmui_isotherm (thermodynamic)

o
=3

o
o

>
s

@
5

»
5

=

e
=

560 IOIOD 1500 20‘00 25IOG 3000
Free chiorides (mol/m* of pore solution)

(Isgor and Weiss, Materials and Structures, 2019)

Bound chlorides (kg/m® of cem. material)

(Azad et al., Computer & Geosciences, 2016)

= Q2 -
(b) 60% OPC + 40% Slag % s.o“(t:) 60% OPC +40% FA 3
a I} .
E 504 3
§ Z
5 404 e .
T ¢
5 309
2 4 *  Experimental data
4 Experimental data 8 a0
il T % P Horerrll o
#me,r?s{iﬁgﬂmﬂm 5 104/ Thermadynamic (GEMS) calculations
—— Fraundich sotham (hermodynamic) ° " = = - Freundich isotherm (thermodynamic)
- = - Langmuir isotherm (thermodynanmic) é 4 —— Langmuir isotherm (thermadynamic)
500 1000 1500 2000 2500 3000 2 500 1000 1500 2000 2500 3000

Free chiorides (mol/m® of pore solution) Free chlorides (mol/m® of pore solution)

Oregon State
University
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Group work: Chloride binding isotherms

Calculate chloride binding isotherms for
hydrated Portland cement paste

@Empa

{f@ Oregon State
& University

Method 2: Operator splitting

Transport PDE does not have an reaction term:

(bSLaCi
at

RT

Reactive processes are solved externally using thermodynamic
calculations:

time steps; therefore, it is
computationally intensive...

DiCZiF
+ d)SLV ¢ (CiV = Di,CVCi = DLCCiV]n Yi — - CiV(p) =0

Note: This approach requires small

@Empa

)

{g@ Oregon State
& University

17



Method 2: Operator splitting A

< Toiteal conditions ) \___ Paramters
| (Temperature, moisiure, | N| t=(]
chemical composition) —_—— ——
A ___p__ ) = nm\hmingsup \ ( Resction Modeling
(GEMS) !
= t+AL ‘ | I
o e ‘ | Memodmmicand ||
| te m Kinetic analysis to
CoMSOL v '\ e (] o rladll
" conditions. Pl pwdmsal:urynmk)

MULTIPHYSICS®

# MOOSE

j

1

|
1
|
| e
L 1| Molar amounts of all chemical { T
“Trassport Modeling | |  Species.activity coefficients
FEA) | |
I
]
|

| e Update FEA nodal b
Multiphysics Object-Oriented Simulation 1‘;0"; mlﬂud-“qwms valusand 1< | &
Environment PRGN boundary conditions| | | £
transport equations L t

23

Updateamowntsof | |5 £

all chemical species| |5
ot every node ]
Z
=

wSLBC. D;cziF 5 |

T HOSUT (6 = Dy oFe — Dyt Iny, - aF) = 0 A

‘: Couunnc ]
Azad et al., Computer & Geosciences, 2016

I

I

|

[}

I

I \
|

i .
I

I

|

| Post processing

Oregon State
University

Method 2: Operator splitting A

Simplified system

Fully saturated, no advection, single phase flow...

LSRN PN

,/‘\‘ //‘\‘ / \ \
0} { De,i (Dc,ir ‘DC," 1Yi

' Y
/ \ ’
] — N — —

Porosity

-

PR

Chemical activities

PPM
Pore Partitioning
Model
(Powers + GEMS)

Diffusivities

Oregon State
University




@Empa

Pore Partitioning Model (PPM)

Oregon State
University

Citations for PPM QEmpa

Advances in Civil Engineering ﬂ!}lb
Materials unl’

V. Jafari Azad' P. Suraneni” O. B. Isgor.® and W. J. Weiss" http//dXd0|orQ/1 0.1 520/ACEM201 60038

Interpreting the Pore Structure of Hydrating Cement
Phases Through a Synergistic Use of the Powers-
Brownyard Model, Hydration Kinetics, and
Thermodynamic Calculations

AC| MATERIALS JOURNAL TECHNICAL PAPER

Title No. 116-M86

Extension of Powers-Brownyard Model to Pastes
Containing Supplementary Cementitious Materials
by Deborah Glosser, Vahid Jafari Azad, Prannoy Suraneni, O, Burkan Isger, and W. Jason Weiss

https:/doi.org/10.14359/51714466

Cement and Concrete Research
v 24, October 2019, 105820

Toward the prediction of pore
volumes and freeze-thaw

performance of concrete using https://doi.org/10.1016/j.cemconres.2019.105820
thermodynamic modelling

Keshay Bharadwaj, Deborah Glosser, Mehdi khanzadeh Moradllo,

an isgor. W, Jason Weiss 2 &

" Oregon State
University
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Pore partitioning model (PPM)

@Empa

Matiats Scence and Techrology

University

Oregon State

Pore partitioning model (PPM)

Pozzolanic
Reactivity Test
(maximum

degree of
reactivity)

INPUT

Amounts of
OPC and SCM
oxide phases
at a given time
or degree of
hydration
+
Amount of water

MPK Kinetic

model for OPC
and SCM

Glosser et al. (2021)

GEMS
{thermodynamic

softwa
+
PPM
(pore partitioning
model)

Azad etal. (2017)
Glosser et al. (2019)

Solid phases: = -
CH, AFt, AFm, etc.

Gel pores,
Capillary pores,
Chemical shrinkage

Composition, l.JH‘
resistivity
Isgor & Weiss (2018)
Bharadwaj et al. (2019)

@Empa

Matiats Scence and Techrology

Concrete Performance
Measures

Compressive Strength
Formation Factor

CH Content (CaOxy
resistance)

Time to critical
saturation (freeze-thaw
life)

pH of pore solution
(ASR)

Bharadwaj et al. (2019, 2021)

Oregon State
University
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Pore partitioning model (PPM) @Empa

Title No. 116-M86

Extension of Powers-Brownyard Model to Pastes
Containing Supplementary Cementitious Materials

by Deborah Glosser, Vahid Jafari Azad, Prannoy Suraneni, O. Burkan Isgor, and W. Jason Weiss

Caplllary pores

Phase Volume (%)

Limestone (WL. %) Limestone (Wt. %)

Oregon State
University

Pore partitioning model (PPM) @Empa

Powers’ Model .
. § 0% DOH
V., =0.2:(1-p)a = p.6.410°(1-p)a g
V., =p-13(1-pya =p-F/e,)(0.19+0.23)(1-p)a f

V, = 0.8:(1-p)a = (P/P,)0.19:(1-p)at ,.” o O o et aaa o M

50% DOH
V,, = 1.5:(1-p)a = (1-p,6.4-10"+(p,/p, )-0.23)-(1-p)-

Volume Proportions % )

Ve =(1-p)(1-0)

n“"‘" ‘ ”—1 U—" Uﬂ ,5 , uv oz c,um
ater-to-Cement Ratia
- __wlc = 3 z "
P=Wic +0, /P, p, =1000 kg/m®  p, =3150 kg/m
Jensen 2005

100% DOH

000 040 020 030 040 050 060 070 080 090 1.00
Water-to-Cement Ratio

Volume Proportions (% )

Oregon State
University
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Pore partitioning model (PPM) @Empa

L]
s : = " =I5
P &= [eavemo EIIEA=E RS i =", w &= | @) |orcrrcrrm orconrzse:
T | & |opcppmesenerr §
Q]? o T £qlC EaPh EDC | Eqsuf |  Eacen | |oros2023 0503 |
Skq i1 eev-ozc 0 (o |1 |25 [o |
1:‘1?3 hat t :|.EV'.A;":D"\ I \
A -~ Agtieous volume,
Process | PHnam L Xa Fa| phi|=|

lﬁ Start with: | CSH Volume chH l

Vagr Ve Vesk

=1 e e S
F Solid volume;-V

@ Oregon State
& University

Water in C-S-H: GEMS vs. Experiments @Empa

JenD — 2.81 }--- - - . H NMR
2L SRR SRR SRRyt R
TobH
\2 |
216
_~156 =, , o
TobD 1.25
/' . b ] : !
TobH ° Lothenbach et al. (2015)
e ¢ doi:10.1016/j.cemconres.2015.03.019
05 H H
[ — : i } t : Lot
0.6 08 1 1.2 14 16 1.8 20 225
Extra water
GEMS NMR A A .
correction per 1

c/s H/Si H/Si H/Si H (mol) mol of C-S-H
(C15S0.67H25) JenD: 2.25 3.73 2.81 0.92 0.92/0.67 = 1.37 phase
(C13S1H,47) JenH: 1.33 2.17 1.66 0.51 0.51
(C125S4H;75)  TobD: 1.25 2.75 1.56 1.18 1.18
(Co6751H15)  TobH: 0.67 1.50 1.25 0.25 0.25 .

€299 Oregon State

&7 University




Corrections for V,q, Vg, Vesy @Empa

Extra water in CSH:

Correct volume fractions:

Aqueous:

Vaq= (Vaq + BH,0cq) / Vi,
Solid volume:

ve=(V,-AH,O, ) / Vi,
CSH volume:

Vesn = (Vesn - BAH,0cgy ) / Vi,

s _ Oregon State
& University

Pore partitioning model (PPM) A
Gel water:

Moles of phase Moles of ge!
(from GEMS) water associated Molar vol. of

\ lwith phase/ Gatar

Vgw = KesuVesn + EMprNgwpnVa,o

/!

Vgw
Water associated
ith C-S-H Volume of C-S-H
Yos | W (from GEMS)
Vup

Gel water in hydrated paste
Calculated as sum of water associated with C-S-H and
gel-water released when certain phases are heated to 105°C

s _ Oregon State
& University
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Pore partitioning model (PPM) WEmpE

Determine k¢

Obtain kcgy from OPC data from Powers & Brownyard (1946):

1. Run thermodynamic model with PB’'s OPC composition
(NOTE: Ls must be under 0.5 wt. %) From

thermodynamics

2. Calculate k sy as follows: _— and calculations

_____________ : shown previously

; =
Vgw,pB1— anhngwphVHzo !

kcsu = :

' Vesh i

Degree of

ng,PB = 0.60(1 - ¢0)DOH € hydration
kCSH 2042 W/C Ratio of specific

(You can use this W/C HiPw/Peeml— L ol
for most cases...)

P8 Oregon State
O University

Pore partitioning model (PPM) WEmpE

Warter

RH Siai
Phase o Composition Telomsed Reference
(a1 23°C) from
100%RH
100% CiAHis NA- 27.28]
[ 80% CaAHp 6 [28] ]
OH-AFm
[ 0% CiAHy 6 28]
Oven Dry CAH; 12 (5]
100% CiAsHy NA- [28]
80% CisHy F] (6]
| $0% CrAsHp 2 28] |
[ Gven Dry CiAsH; 3 [] ,
| 100% CiAcosHi: N/A- 28
Other gel water ' e L
L ; | 80% CacosHy 0 [28] |
containing w Cohentl 0 )
phases Oven Dry CaeasHes 53 [28)
100% CaAcHy NA- 28]

” ” | 80% CiAcH 0 5] |
| 50% CiAcHy; 0 28] ]
| OvenDry CaAcH: 3 [2s] |
| 100% CeAsiHy NA- 28] ]

0% CeAsiHiy 0 129 |
Ettringite
0% CeAs;Ha: 0 1291 |
Oven Dry CeAnHn 0 28]
CAHy 100% CAHio N/A- 28]
80% | CAHi I 0 128
| 0% CAH; 2 28]

P8 Oregon State
Y University




Pore partitioning model (PPM) WEmpE

£
- o -
sg.iiqmme it @ X 3O E BN e | @ orcrrusremorcoorase:
ol= du'mzw'M BEEE e [T e epe | et | com | (oo o
g-;)s Phvel phie]+]
b z
e For example: --
s | (0.012 mol x 12 H,0 :
7*&‘ molecules x 18 C
wsme | cm3/mol) 201
Do it for all gel water releasing
phases and add == == '
& Uniray
Pore partitioning model (PPM) @Empa
Cappilary water:

i Vew = Vpore soln — kesnVesn

Vew Volume of capillary water in hydrated paste
s Equals total volume of pore solution from GEMS
e (Vporesoln) minus the water associated with the C-S-H

(Fkcsuvesn)

P Oregon State
& University

25



Pore partitioning model (PPM) WEmEa .

Gel solids:

Vgs = Usolids — anhngwphVHzo
Volume of gel solids (v,i4s) in hydrated paste

e Calculated as the difference between total volume of
”’ solid reaction products from GEMS and gel water from
“~ water releasing phases.
O S
Pore partitioning model (PPM) ®Empa

Chemical shrinkage:

vcszl_vgw_vcw _vgs_vub

Total volume reduction due to chemical reaction

e Oregon State

&7 University
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Group work X: Pore partitioning model

Paste porosity:

p= Vaw T Vew T Vs

Non-evaporable water:

VW,NE: (Vw,in / Vin) - ng ~ Vew

s

° Empa

13 Oregon State

53

Pore partitioning model (PPM)

Porosity
60%

@Empa

Bharadwaj et al. (2019)
Choudhary et al. (2022)
Isgor et al. (2020)

& oo o

40% 4

20% A

Experimentally Measured Porosity (Vol. %)

3
=N
N

Bharadwaj et al. (2021)

——1:1 Line P
- —+/-5% Porosity ,“ “,

’
£

0%

I T
20% 40%
Model Predicted Porosity (Vol. %)

60%

s Oregon State
& University
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Pore partitioning model (PPM)

Formation Factor

* Related to porosity (¢)
* Related to pore connectivity (j3)

‘Empa

0& \
€778 Oregon State
i‘v’ University

Pore partitioning model (PPM)

Formation Factor

Gel

From Garboczi & Bentz (1992), From Koponen et. al. (1997),
1

Fger = 400 Bran—

2

1 (1 +b, 1= ¢pasre )
e I e By
ﬁgei ¢'ga{Fgei (¢pasm — ¢rhres) z

ﬁpaste = Bgel an ﬁcnp

*a.\'ﬂ-‘?—‘i— Gel
Cap Pores
Ppaste 1
Ly = —
- o = =
- L] 2 Beses Pps ¢pasre g ngpuste

‘Empa

;!f’f@ grggoq State

niversity
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Pore partitioning model (PPM)

Formation Factor

@Empa

Model Predicted Formation Factor

o 800 1 1 1 ~
% o Bharadwaj et al. (2019) ’
ki e Bharadwajetal. (2019) _
S < Bharadwaj et al. (2021) I
= 6004 1:1 Line ,§ /,’_
£ -~ +/-20%F e L’
B ’ Pid
[T 4 .
el 7 e
o ’ 4
> 400 , .7 F
% 7 . s
5] A
> ’ -
> // 4 -
= 87 -
% 2001 @déé . L
£ 27
@ 67
o 2
x
LIJ 0 T T T
0 200 400 600 800

. Oregon State
University

%)

Experimentally Measured Porosity (Vol.

Pore partitioning model (PPM)

Predicted porosity

Predicted formation factor

e

n

> B Bharadwaj et al (2018) -
= Bharadwa etal. (2018) 5 -
3 Choudhary et al. (2022) P gt i Bharadwaj et al. (2018) -
o lsgor etal. (2020) X - § Bharadwaj et al. (2021) .
Bharadwaj etal. (2021) ,7 /"~ F 600~ 1:1Line. &
— 1:1 Line R £ - -~ +-20% F
- - -~ +/-5% Porasity /- ki e i
ptd H a7
- —_— 3400 i . e
' ] .
‘ £ 200
. §
- £
. s A
3 i
0% 20% 40% 60% a
200 400 600 800
Madel Predicted Porosity (Vol. %)
Model Predicted Formation Factor
v

Cement and Concrete Composites

@Empa

Predicted diffusion coefficients

aep %

199

[NAZ A2

L )

et e

Predicting pore volus
formation. factor in

compressive strength, por
witious pastes containing

0. Boekan Igoe 3+ W. Jasam Weiss

30 YEARS OF MATERIALS AND STRUCTURES

el A nearly self-sufficient framework for modelling reactive-
transport processes in concrete

[ L4,
Dy
Oregon State

University




Group work: Pore partitioning model @Empa

Calculate paste properties from GEMS solution

Task:
1. Use the PPM_OPC file from lecture 8
2. Make a new single file:

m Hydrated cement paste at 100% DoH
100 g PC (assume full reaction)
50 g water (mixing water)

3. Calculate the equilibrium

4. Follow the PPM steps described in the lecture to calculate
the volume fractions of gel water, capillary water, gel solids,
chemical shrinkage; porosity; non-evaporable water content;
paste resistivity; formation factor (assuming pore solution
resistivty); and ionic diffusion coefficients for Na*, CI-, Ca*?,
OH?, etc.

;gﬁ@ Oregon State
7 University

@Empa

Some RT modeling exercises...

;gﬁ@ Oregon State
& University




Liquid Phase (x10™ mol/m?)

Validation / benchmarking

Wow: 05w .
0.000 M MgCl outflow

S o

5
200 s 4 MOOSEGEMS —— GeoSys-GEMS
175
04y
150 s
2
g
125 033
£
1004 )
Calcite 2
0.5 02 s
&
050 -
018
025
0.00
0

VOL. 3, N . OCTORER 172

A Geochemical Transport Model for Redox-Controlled Movement
of Mineral Fronts in Groundwater Flow Systems:
A Case of Nitrate Removal by Oxidation of Pyrite

PETER ENOESGAARD

@Empa

Tracer isotope diffusion

12x107

1.0%10° §5

8.0%107

60%107

Concentration (mol/L)

402107

MOOSE/GEMS
A MIN3P/CRUNCH/PHREEQC

20%107

0.000 0.002 0.004 0.006 0.008 0.010
x{m)

1 diffi

ks for and elect

migration

Pejasan Rasouli’ - Carl L Steefel? - K. Uirich Mayer" - Masshno Ralle”

Oregon State
University

Validation / benchmarking

Wow: o 0sm
0.001 M MgCl outflow

Y T

@ OpenGieoSys - €
== COMSOL - GE

s

Mineral amount:

g
g
4
g
K

= L =
0 0.1 02 03 04 05

Distance (m)

Azad et al., Computer & Geosciences, 2016

@Empa

O MYTE ]
i
$
o
1 5
% o
i )
¢
s o T NI
Domtrind D
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CO, storage in old oil reservoirs @Empa

VALELITILE I EELIETE P LR EETL RS LT LIRS

Source: NETL

High temperature (85°C), high pressure (14.7 psi),
supercritical CO,, complex brine chemistry

Oregon State
&7 University

CO, storage in old oil reservoirs @Empa

Matiats Scence and Techrology

\i7F— AmSizone

Thermocouple Siaiic €0, Gas Injection

Autoclave Calcite zone

Oregon State
 University
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At 42 days
14
i surface

' [ emingee. -

mole amounts. of main solids

035 03 025 02 015 01 005 O
Distance from sample surface (mm)

~1000 years to achieve ~1 m of deterioration

CO, storage in old oil reservoirs @Empa

r BT

U RAENEEastazEIy

w & o o N

|
0.001

0.002 0.003
Distance from sample center (m)

Corrosion of the casing and the leakage though
cement-plug/steel interface is the main concern

Azad et al., Computer & Geosciences, 2016

Oregon State
University
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Thank you...
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