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

e Time to consider

o underutilized, novel, low-carbon footprint binders
» Off-spec SCMs (off-spec fly ash, natural pozzolans, slag, etc.

_ Reduce Reduce Ee}m"eﬁf\, » Other jcypes of ashes (bottom ash, reclalme_d ash, agricultural ash, etc.)
~ - Clinker Content _ -~ » Other industrial and natural products (pumice, clays, etc.)

e - i
—— -——
T e

* Increased use of powder extenders
Increase the use of low-carbon .

footprint cementitious materials .
and powder extenders

Larger limestone replacement
Synergies with binders (e.g., limestone + Al-containing binders)
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* Do we know how these unconventional binders react?
e Maximum reactivity (portion of the reactive components)?

* Reactions vs. time
OPC chemistry

C,S, G5, C,A, C,AF, * Do we know how to proportion mixtures with these unconventional binders?
Na,O, K,0O, etc * For specified performance
* For cost
* For lowest carbon footprint
* Etc.

e 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., chloride binding, sulfate attack, salt
chemistry damage, etc.)
Si0,, Al,O,, Calo,
Na,O, K,O, etc.

Service life modeling
(this presentation)

Photo 44066082 © Luchschen | Dreamstime.com
Photo 43874974 © Alexander Levchenko | Dreamstime.com
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[ Reactions (e.g., chloride binding, sulfate attack, carbonation, etc.) }
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(e.g., chloride binding, carbonation, etc.)
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(e.g., chloride binding)

Y * Error prone

* Inaccurate / unrepresentative
* Time consuming
* Expensive

v

Experimentally obtained
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Porosity |
Theoretical '
(using MPPM) ¥ Diffusivities
Reactions Theoretical
(e.g., chloride binding) (using MPPM)
Theoretical
(using kinetic/thermodynamic modeling)
Isgor and Weiss, Materials & Structures, 2019 MPPM: Modified Pore Partitioning Model

Azad et al., Computer & Geosciences, 2016 (Powers + GEMS) up-scaled to concrete
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Azad et al., Computer & Geosciences, 2016
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EXAMPLE:
INPUT OUTPUT

1000 g OPC + 400 g H,0 :

C-S-H-1, C-S-H-2, etc.
4258 C,S

325gC,S
80 g C,A
70 g C,AF
AFm1, AFm2, etc. -
30 g Na,O
20 g K,O

AFtl, AFt2, etc.
50 g gypsum (CaSO,)

Etc.

Ca+2, Na+, K+, etc.
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EXAMPLE:
INPUT

1000 g OPC + 400 g H,0 i

L 4

425 g C.S Gibbs Free Energy C-S-H-1, C-S-H-2, etc.
4

325gC,S
70 g C,AF o

30 g Na,O
20 g K,0

AFm1, AFm2, etc. i

AFtl, AFt2, etc.

50 g gypsum (CaSO,)

Etc. Trials Ca+2, Na+, K+, etc.
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EXAMPLE:
INPUT OUTPUT 2
1000 g OPC + 400 g H,0 » _550g
425 g C,S Gibbs Free Energy CSH-L 52, et
325gC,S ! 350 g
80 g C,A
70g CzAF P 175¢
AFm1, AFm2, etc. -
30 g Na,O
0 Kzé % 225 ¢
AFtl, AFt2, etc.
50 g gypsum (CaSO,) -~ 100 g
Etc. Trials Ca+2, Na+, K+, etc. B
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EXAMPLE:
INPUT OUTPUT n
1000 g OPC + 400 g H,0 . _555g
425gC.S Gibbs Free Energy C-5-H-1, C-5-H-2, ete.
3258 C,S ! 345 g
80g C,A 180 g
70 g C,AF 8
AFm1, AFm2, etc. -
30 g Na,0
20g Kzé " »® 210 &
AFtl, AFt2, etc.
50 g gypsum (CaSO,) - 110 g
Etc. Trials Ca+2, Na+, K+, etc. B
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EXAMPLE:

INPUT SOLUTION
1000 g OPC + 400 gH,0 . _555g
425 g C,S Gibbs Free Energy C-5-H-1, C-5-H-2, ete.
325gC,S ! 345 ¢
80 g C;A & 180 g
70 g C,AF %

\'33 AFm1, AFm?2, etc. -
30 g Na,O t.
ZOngé L 210 g
AFtl, AFt2, etc.

50 g gypsum (CaSO,) - 110 g
Etc. Trials Ca+2, Na+, K+, etc. B




OPC amountand
chemical composition

(C3S, C2S, C3A, C4AF,

Na20, K20, etc.)

SCM amount, chemical
composition, maximum
reactivity

(Si02, Al203, CaO,
Na20, K20, SO3, etc.)

Pozzolanic
reactivity test
(maximum
degree of
reactivity)

Amounts of
OPC and SCM oxide
phases
@ agiven time or
degree of hydration

Amount of water

Kinetic model for
OPC and SCM

OUTPUT

C-S-H, CH,
Aft, Afm, etc.

Chemical
shrinkage, gel pores,
capillary pores)

Composition, pH,
resistivity

Volume Fraction (%)

100%

80%

60%

40%

20%

0%
30%
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OPC + 20% FA (DOR* = 40%)

14.0

Il Unhydrated Cement
[ IUnreacted FA
I Others
Bl Ccs-H
1305 HEcH
Il Ettringite
E—Monosulfate
[ Carboaluminates

[ Pore Soln
12.5 B Chemical Shrinkage

12.0

40% 50% 60% 70% 80%  90%
Degree of Reaction (%)

(Simulation by K. Bharadwaj)
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OPC amount and
9001 05M chemical composition OUTPUT
] 05M KOH
KOH
800 100% o m (C35, C25, C3, C4AF, R C-5-H, CH,
1 - Na20, K20, etc.) : Aft, Afm, etc.
200 4 a0 Rty 100% OPCand SCM oxide
phases Chemical
. cll 80% —n el shrinkage Zrlmi)?'es
g 600 ~ cH o ASO% ke degree of hydration capillga r,ygporpes) !
8 ] 60% % SCM amgunt, chemlcal
500 0 A composition, maximum +
= | - 5
= ] oAy 609 [CECHI) Composition, pH
g 400 ~ / 0 Amount of water rzsistivit\’/ iz
(@7 E (Si02, Al203, Ca0O
o 5 . P
300 - 40%_ _ 4 Na20, K20, 503, etc.)
: 40%
200 + o
| 20% —m—ALO, in 0.5N KOH
100 A o — m-Si0. in 0.5N KOH Pozzolanic
| 20% $i0, in 0. 0 reactivity test T mode
0 (maximum inetic model for
—r -1 11T~ T T T "~ T T 717 d ¢ OPC and SCM
0 20 40 60 80 100 120 140 160 180 200 220 egree o
reactivity)
Calcium Hydroxide Consumption (g/100 g SCM)

Pozzolanic Reactivity
Test (PRT) Glosser et al. 2019, 2020, 2021
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0.5N KOH
KOH 1000 | ‘ | |
—-&-Siliceous SCMs
-&-Calcareous SCMs o
SCM ~¢-Silico-aluminous SCMs ra
CH

= = = Sijliceous SCMs
— - Calcareous SCMs
= = «Sjlico-aluminous SCMs

Reactivity (DOR*), %

100

CaO ¢ 100 AlLO, Bharadwaj et all. 2022




(C3S, C2S, C3A, C4AF,

Na20, K20, etc.) AL

OPC and SCM oxide
phases
@ agiven time or
degree of hydration
SCM amount, chemical
composition, maximum +
reactivity

Amount of water
(Si02, Al203, CaO0,
Na20, K20, SO3, etc.)

Pozzolanic
reactivity test
(maximum
degree of
reactivity)

Kinetic model for
OPC and SCM

OPC amount and
chemical composition

OUTPUT

C-S-H, CH,
Aft, Afm, etc.

Chemical
shrinkage, gel pores,
capillary pores)

Composition, pH,
resistivity

Modified
Parrot and
Killoh Model

(MPK)

Glosser et al. 2019, 2020, 2021

100

©
o

Degree of Reaction of Phase, DORph (%)
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17 28 56 90 180 365
Time (days)
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OPC + Silica fume

oy
N

} ' i ' } 4 } : 14.0 P PR e et e B eer| E veie] P Kt ettt i odres] (Rt | 8 { ; I = = :
| 1 . = * Experiment 1
14 + * E e i 5 13.8 1 - 851 ik
12 ! —A— Pl);pinlr(l)lg‘; reactivity ] 1361 &~ 10 %(wt.) SF i é i : - l\:l)gzl/el 1
T iR [ e | PK +1 reactivi EL
s 1 —@— MPK Model - _§ 13.4 = ¢ g ® | @6 o reactivity -
w010+ * * = i D 0 ; [ 2] e
= " s : 324 A - 20 /c;(wt ) SF . & 5 A
= 8T ® 1 o lI3.0] \ ® s o  3F,4] 1
= 6l 2.12.8 1 L & -
E:) ] i = \ =34 W/b =0.50 35
sl 10%(wt)SFw/hb=036 I z!20 A L g, -
12.4 . 30%(wWt.)SF [ &
e A T 12.2- /b = 0.50 . . . A .
O a1z IM:A IR A' ------- |- ------ :-_--- ! : 1 ‘ afs 12'0 ) i = : A & B e 0 : - 1 . * . 1 . !
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 10 15 20 23 30
Days Day Si10, mass replacement %

Glosser et al. (2020) “Non-Equilibrium Thermodynamic Modeling Framework for Ordinary Portland
Cement/Supplementary Cementitious Material Systems,” ACl Mat. J., 117(6): 111-123
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Modified Pore Partitioning Model

PASTE OUTPUT

C-S-H, CH,

Aft, Afm, etc.

Chemical

shrinkage, gel pores, +
capillary pores)

Aggregate

Composition, pH,
resistivity

Concrete resistivity

Transport properties
(permeability, ionic
diffusion coefficients,
etc.)

Formation factor

Bharadwaj et al. 2019, 2020



MPPM - Porosity
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From GEMS and Powers Model

| ————— —— ey
e CCt00N shtrinkage
e e———_———

. =

Phase normalized volume
G

Phase normalized volume
> 3 = ® 8 2 9

0
0 0 02 03 04 05 06 07 08 09 | 0 ©1 02 03 04 05 Q6 07 0% 09 1
(a) Degree of cement hydration (b) Degree of cement hydration
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L 60% - - : ' '
", o Bharadwaj et al. (2019) o
9 o Choudhary et al. (2022) ;oA i
= o Isgor et al. (2020) i A
= o Bharadwaj etal. (2021) ,7 &,
o 41
o ——1:1 Line ¢ o

o/ | ’ 7 xQ |
ff 40% _ _ - +/- 5% Porosity <> ,’Q’b%&
8 6 /7 Ve
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® @0 37
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Model Predicted Porosity (Vol. %)
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*8 o Bharadwaj et al. (2019) K
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summary

OPCamountand
chemical composition

(€3S, €25, C3A, CAAF, (RIS

) OPCand SCM oxide
phases

@ agiven time or

degree of hydration

SCM amount, chemical

composition, maximum
reactivity

+

Amount of water
(5102, A203, CaO,
Na20, K20, 503, etc.)

Pozzolanic
reactivity test
(maximum
degree of
reactivity)

Kinetic model for
OPCand SCM

ouTPUT

C-S-H, CH,

Aft, Afm, etc.

Chemical
shrinkage, gel pores,
capillary pores)

Composition, pH,
resistivity

Concrete resistivity

Aggregate

Formation factor

d [(Pcaq,i] aCs,i

Porosity

ot dt

V.el— Di VCaq,i

diffusion

E5 College of Engineering

Free chlorides

— Proposed approach: thermodynamic modeling
— — ‘Traditional approach (Ferudlich isotherm)

:

Di Caq,l

40 50

Distance from concrete surface (x 107 m)

V(Z) D Caq1 |7lny1

RT

electrical
migration

chemical
activity
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Thermodynamically calculated chloride binding isotherms:

= ] o . = |(€) 60% OPC + 40% FA -

2 6.04 {8)jickse = (b) 60% OPC + 40% Slag o 2 6.0 (c) 6% °

[ 8 6.0 1 A e 8 Q

© o ] A A & .

E 50 - o ~Z L - : 50 a .

E‘ € 5.0 A T ’ £

@ E 4 5 £ e o 8

S 40- ) $ 40. e i Bl S
mo 1 n ‘.6 4 7 /A ™

£ — ® 1 / £ 7 g

D 3.0 | £ 3.0 4 Y S 3.0

® . = ; , " ® Experimental data

8 2.0+ & - Experlmentgl data ) & 204 A Experimental data _ g 204 & Freundlich isotherm (experimental)
B2 | 2 I reundlich isotherm (experimental) o /A -------- Freundlich isotherm (experimental) 5 1 Langmuir isotherm (experimental)
ke —— Langmuir isotherm (experimental) § 1 ;,‘/ —— Langmuir isotherm (experimental) = The?mo dynarvic ( GEM%) calculations
S 1.0 -/ Thermodynamic (GEMS) calculations S 1.0+ A Thermodynamic (GEMS) calculations S 1.0/ L Freundlicslfl isotherm (thermodynamic)
e - Freundlich isotherm (thermodynamic) o] I Freundlich isotherm (thermodynamic) 2 ] . ynar

c o . c P ; —— Langmuir isotherm (thermodynamic)
3 0.0 —— Langmuir isotherm (thermodynamic) 3 o0 = = -Langmuir isotherm (thermodynamic) 3 0.0

. T T * T * T Y T E T e 1 . . T z T ) T X T z T E 1 m . E T E T g T E T E T ' 1

@ 0 500 1000 1500 2000 2500 3000 @ 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

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

(Isgor and Weiss, Materials and Structures, 2019)

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



Validation / henchmarking

Inflow: )

0.5m

0.001 M MgCl,

A
7 outflow

=

0.002 M calcite |::>

2
—_
E
=
g 1.5
g
o
g
i=
]
=
e IC
=
&
=
g
e
o 0.5
=
=3
-

Azad et al., Computer & Geosciences, 2016

1 0.5
Q@ OpenGeoSys - GEMS
—{— COMSOL - GEMS
1 0.4
Cr
1 0.3

Calcite

i}
L

0.2 0.3 0.4 0.5
Distance (m}

Mineral amounts (mol/m*)
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[N 1 1ot 10!
----HYTEC
——COMSOL-GEMS interface

- == HYTED

AL (0
Fe (M)}
Ca (M)

Distance () Distanee (m)

-0~ HYTEC
—i— COMSOL-GEMS interface
: 015

Porosity
=
=
b

-0.03 --0--HYTEC .
—— COMSOL-GEMS interface o

0 2 4 & 8 2.6 28 3 32 34
Dhistance (m) Distance (m)
el iy
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UNNNANY

Beneficial
Reuse

v

Underground Sources of Drinking Water

A —

_ COsStored in

L 4

ANIARRRRRNAY TNy

15

Saline Formation €O, Plume

POONRNGEANN

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

Source: NETL
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9
|
Thermocouple #aiie CO, Gas Injection
ﬂ Autoclave Calcite zone

scco,

] H\/ﬂ\s.p VVD \ I
:06 PM |20.00 kV| 5.5 [12.5 mm|1.94 mm| OSU - FEI Quanta 600 FEG

Ideker,. Isgor, et. al. (2014)
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At 42 days T 13 ™ T T T | | | | | ]
1.4 gy S— .
' 12 E
12} I C-S-H sample - "neE =
[ Portlandite surface - ]
» I Caicite 10E -
2 4L [ Ettringite —>> | = ]
3 [ ] Monosulphate oF E
£ = ]
£ 08 ak -
5 = ;
@ - .
5 06 7 3 E
E 6F =
3 04 - ]
= 5 -
0.2 4 3
I =
0 L ! o1 ! [ 1 [ ! [ I | ]

0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05 0 0 0.001 9.002 0.003
Distance from sample surface (mm) Distance from sample center (m)

Corrosion of the casing and the leakage though

~1000 years to achieve ~1 m of deterioration . . .
cement-plug/steel interface is the main concern

Azad et al., Computer & Geosciences, 2016
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Increase the use of low-carbon
footprint cementitious materials
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Modeling reactive transport processes in concrete for predicting service life is
possible irrespective of

* Chemical composition of the materials

* Reactivity of the materials

We can do this using a coupled approach in which we model reactive processes
using thermodynamic / kinetic algorithms and transport processes using finite
element analysis.

This approach eliminates the need to experimentally characterize every concrete
mixture for modeling, hence it is dubbed “self-sufficient”.

This approach allows the modeling of concrete produced with underutilized,
novel, low-carbon footprint binders and powder extenders.
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