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SUMMARY OF MAJOR ACTIVITIES




OXIDATION/CARBONATION IMPACTS
MOTIVATION/OBJECTIVES




OXIDATION/CARBONATION IMPACTS
EXPERIMENTAL OVERVIEW




OXIDATION/CARBONATION IMPACTS
VISUAL INSPECTION OF DEGRADATION

% 0.1 wt % Cr samples

0, &
Co,

Carbonation Depth:
CS-FAF (24 mm) CS-FAO02 (10 mm) CS-FA18 (17 mm) .




OXIDATION/CARBONATION IMPACTS
EPA METHOD 1313: SOLUBILITY

pH dependent release of Chromium pH dependent release of Sulfur
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I Naturalpi | Cr | s | Ca | Mg |

CS-NFA02-0S-N 13.14 70.7 7170 162 0.111
CS-NFA02-0S-0O 12.7 74.9 8060 221 0.267

8.57 233 7430 392 187
CS-NFA02-0S-OC 8.99 246 7750 275 199




MASS TRANSFER RATES

OXIDATION/CARBONATION IMPACTS

METHOD 1315
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MICRO-CT: 3-D POROSITY

 Characterized top 1 cm of exposed
surface

e Stacked slices for 3-D re-construction
of material

» Determine porosity as a function of
distance from exposed surface based
on gray scale values

Key Takeaways:

1. Carbonation lowers porosity at
exposed surface

2. Leaching increases porosity af
exposed surface

3. Porosity ranges: 0.05 to 0.08 (SEM*
measured porosity 0.30 1o 0.50)

*Pore sizes > 4.3 um

*Example cast stone slice




MODELING: CAST STONE
PERFORMANCE SIMULATIONS




MULTIPLE, FLEXIBLE BASE MODELS
AVAILABLE IN LeachXS/ORCHESTRA

Available Scenarios

Laboratory Test Simulations
Monolith Diffusion Test Scenario

Percol)aﬁon Column Test (mobie-immobie
m Cokumn Test (percobation-radil Percolation Leaching with Radial Diffusion
diffusion)

pH Dependence Leaching Test Inflow or

Exchange

Prediction Scenarios Modeling
(Monolith Diffusion)

Leaching (1 Layer)

Leaching (3 Layers)

Leaching with Carbonation and Oxidation

(1 Layer)

Leaching with Carbonation and Oxidation

(3 Layers)

Advection Radial
(local equilbrium) Diffusion




LEACHXS/ORCHESTRA (LXO) SIMULATION




MINERAL PHASES:
CAST STONE

 Base mineral set (“cemdata2007”)
from Lothenbach, et al.* defined for
Portlond cements

e Solid solutions included

o Alternative efttringite solid solution
model developed by ECN

o Additional mineral phases may be
identified by XRD

« E.g., akermanite, vaterite, rustamite

* Trace species identified through
experimental data and expert
knowledge

e |ncorporate calibration from van
der Sloot, et al.

*B. Lothenbach, T. Matschei, G. M&schner, F.P. Glasser, Thermodynamic
modelling of the effect of temperature on the hydration and porosity of
Portland cement, Cement and Concrete Research, 38 (2008) 1-18.

Amorphous

. R _— Alumi

Akermanite (Al-) Ettringite umina Gibbsite

C,MS, CeAS;H,, AlL,O,4 Al(OH); (am)
h . . .

Amo.r.p ous Anhydrite Brucite Calcite
Silica

SiO, (am) CaSoO, Mg(OH), CaCO,4
COz* Dicalcium L Fe-

. - Fe-ettringite .
hydrotalcite Silicate hemicarbonate
M,ACH, C,S CeFs3Hap C,FCysH1,

Fe-hydrogarnet Fe-hydrotalcite Fe-hydroxy Afm Fe-
ydrog Y Y Y monocarbonate
C4FHg M,FH, o C,FHy;5 C,FCH,,

Fe-monosulfate Ferric Oxide Fe-stratlingite Gypsum
C,FSH,, Fe,0, C,ASHgq CaS0,*2H,0

Hemicarbonate Hydrocalumite Hydrogarnet Hydrotalcite

C,AC,sHy, C,AH;(CH),-4H C,;AHg M,AH,,
. Microcrystalline
Hydroxy Afm Jennite Y . Monocarbonate
Iron Hydroxide
C,AH,; C,675H,1 Fe(OH); (mcr) C,ACH,,
Monosulfate Mullite Nitrate (AFm)y Nitratine
C,ASH,, 3A,S C;A-(Ca(NO;),)-Hyp NaNO4
. . Siliceous
Portlandite Quartz Rustumite
Hydrogarnet
CH SiO, CySsH-Cacl, C3ASygH4 4
sl Tetracalcium Tricalcium . . -
Stratlingite . . . Tricalcium Silicate
Aluminoferrite Aluminate
C,ASHg C,AF C,A C,S
Tobermorite Tricarboaluminate Unstable Unnamed
metastable phase | metastable phase
CogaSHi3 CeAC;Hs, C,AHg C,FHg
Vaterite
CaCO,
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PRELIMINARY CSF FOR CAST STONE

pH dependent concentration of Aluminum

pH dependent concentration of Calcium
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EXAMPLE MONOLITH DIFFUSION CASES




MONOLITH LEACHING WITH O, & CO, -
EFFECT OF INFILTRATION

Cr (mg/L)
Tc (mg/L)

Time (days)

Tc(5=70_Inf=10 mm) ssesse T (=70 Inf=1 mm)

e (r ($=70, INf=10 mm) essses Cr (5=70, Inf=1 mm) ==« Tc(5=70, Inf=100 mm) ====Tc(S=70,Inf=10,000 mm]

Ca (mgfL)

10 100
Time (days)

= = Ca (5=70, Inf=10,000 mm == =« Ca (5=70, Inf=100 mm) = = K(5=70, Inf=10,000 mm) ==« K (5=70, Inf=100 mm)
Al




MONOLITH LEACHING WITH O, & CO, - EFFECTS OF
SATURATION, INFILTRATION, AND CLEAN COVER

10 o

0.1
0.01

0.001 §

0.0001

0.00001
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1

e T (5=70, Inf=10 mm) seeseeTc(5=70, Inf=1 mm)
Ic (5=94, Inf=1 mm) 1c (5=49, Inf=10 mm)
Tc ($—99, Inf-100 mm)

0.001 4

0.0001 4

0.00001
1

Time (days)

e Tc (S=70, INf=10 mm) = = Tc (S=70, Inf=10 mm, 20 cm top layer)




MONOLITH LEACHING WITH O, & CO, -
CUMULATIVE EFFECTS OF ASSUMPTIONS

= = Tc(5=70, Inf=10,000 mm} T (5=70, Inf=10 mm)
Tc (5=99, Inf=1 mm) o= == Tc (5=70, Inf=10mm, 20 cm top)




OXIDATION/CARBONATION IMPACTS
SIMULATION CONCLUSIONS
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Cementitious Barriers Partnership

2013 LAW Cast Stone Screening Study
e PNNL and SRNL Program (Westsik et al., 2013)

— Acceptable formulations of LAW cast stone
— Contaminant release data for PA and risk assessment

e 26 Cast Stone Materials (CSMs) studied

— Components
e Ordinary Portland Cement (OPC) (8% in dry blend)

e Fly ash (45% in dry blend)
* Slag cement (47% in dry blend)

— Waste Simulants
e Single-shell tank, average LAW feed (HTWQS), high-Al, high-SO4

e 5.0 M sodium and 7.8 M sodium
e Material Properties (strength, density, porosity, etc.)
e Leaching Characterization using EPA Method 1315

Westsik J.H. Jr., G.F. Piepel, M.J. Lindberg, P.G. Heasler, T.M. Mercier, R.L. Russell, A.D. Cozzi, W.E. Daniel, R.E. Eibling, E.K.
Hansen, M.M. Reigel and D.J. Swanberg. Supplemental Immobilization of Hanford Low-Activity Waste: Cast Stone Screening 19
Tests. RPP-RPT-55960 Rev 0, U.S. Department of Energy, Office of River Protection, Richland, Washington, September 2013.
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Supplemental Studies

Leaching and Material Parameterization Studies

— Supports improved understanding of CSMs
— Establishes a basis for geochemical speciation models
— Facilitates validation, verification and uncertainty assessments

Three CSMs (-6 control, -19 Hi Al, and -21 Hi SO,) selected from
2013 Screening Evaluation

— 7.8 M Na, OPC:FA:SC of 8:45:47, W/DB of 0.4 (-6,-19) | 0.6 (-21)

Liquid-solid Partitioning (LSP) as function of pH (Method 1313,
Method 1314) — critical performance parameter

— Inorganics and organics (through DOC-complexation)

— Indicative of speciation — geochemical speciation modeling

Porosity approaches and analysis

Moisture-Saturation Relationships

20
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Porosity of Cast Stone

Critical Parameter
— Leaching, saturation, permeability, microstructure, degradation

51% to 62% reported in 2013 Screening Report

Complicating Factors
— Hygroscopic nature of high-salt wastes

— Solubility of salts precipitated in pores

Different Approaches
— Drying of Fluid-saturated Materials (water, 2-propanol, ethanol)
— Scanning Electron Microscopy (images at 3-mm x 3-mm)

Material ID Reported m 2-Propanol mm

CSM-6 (control) 51.0 47.5 30.9 35.2 43.4
CSM-19 (Hi Al) 53.0 46.9 28.1 354 30.4

CSM-21 (Hi SO,) 62.2 57.3* 41.5 49.7
21
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Humidity-Saturation Relationships

e Relative Saturation (®) at Controlled Relative Humidity (RH)
— 82% RH (KBr)
— 68% RH (NaNO,)
— 33% RH (MgCl,)

e Critical Parameter
— Moisture Transport

— Gaseous Transport
e Oxidation
e Carbonation

 Gravimetric Determination of

Relative Saturation
M

.o+ 1S the mass of a saturated sample (g)

= (M sat — M t) M., is the measured mass of the sample as a
t (M sat M dry) function of storage time (g)

M, is the dried mass of the sample (g)
22
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Relative Saturation, ® (%6)
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Saturation During Drying at Controlled RH

CSM-6 (control)

0.8 +

07 e

Drying Time (days)

Relative Saturation, ® (%26)

0.8 T

0.7

CSM-19 (High Al)

...............................

Drying Time (days)

Relative Saturation, ® (%26)

CSM-21 (High S04)
1.0

08 T

0.7

0 4 8 12 16 20 24 28 32
Drying Time (days)

—&— CSM-6-A (82% RH)
—aA— CSM-6-A (68% RH)
—@— CSM-6-A (33% RH)

--®--CSM-6-B (82% RH)
—A—CSM-6-B (68% RH)
— @ -CSM-6-B (33% RH)

—@— CSM-19-A (82% RH)
—A— CSM-19-A (68% RH)
—@— CSM-19-A (33% RH)

—-®--CSM-19-B (82% RH)
—A— CSM-19-B (68% RH)
- @ -CSM-19-B (33% RH)

—B-CSM-21-A (82% RH)
—@—CSM-21-A (33% RH)

—A—CSM-21-A (68% RH)

e CSM lose moisture when stored at RH less than 100%

e CSMs absorb water (hygroscopic) — similar ® at 82% RH and 68% RH

e Sensitivity to strong RH changes
CSM-21 (High SO,) > CSM-6 (control) > CSM-19 (High Al)

e Also evaluated saturation during pore condensation

23




CBP CBP Software QA Summary

Cementitious Barriers Partnership

<— Information Exchange CBP Toolbox (GoldSim)(@

CRESP-Vanderbilt/

SRNL SIMCO T i
echnologies
ECN/NRG/HvdS
TeachXs Cored N —  FlowXL=" ' STADIUM Core® )
« Data Import/Export < |_|* Chemical Equilibrium(@
|« Data Analysis - Mesh?2Dfa.b) < ,|* Transport Solver
e Graphics 7\ /
— < [ CBPDLLE@b) | - — \
ORCHESTRA Core(@b) - ~Dr Characterization Methods!/)
(Joint with VU/CRESP)
| |° Kernel (Java) < > ¢ Mechanical properties
e Chemical Equilibrium(@ =] ¢ Chloride resistance

* Transport (e.g., diffusion) ) STADIUM Models@ ¢ Potential for ASR
e Sulfate/chloride ingress \ Others
» Carbonation

J

(Laboratory Methods'</ and -

Experimental data * Surface fracture Characterized Materials
Experimental data

~| *pH Dependent (EPA 1313) (Exp )

ePercolation Column (EPA 1314)

*Mass Transfer (EPA 1315)

LeachXS/ORCHESTRA Models
 Laboratory methods (EPA/LEAF) (©
* Sulfate attack predictiont@b)

=] * SRS Vault concretes
e Standard concretes

\*Batch L/S (EPA 1316) J  Carbonation/oxidation prediction(@b) \. J
N » Percolation with Radial Diffusion(
(Virtual Materials®
e Saltstone + SRS Vault concretes Legend

—{ ® Cast Stone

e Portland cement

® SCMs (fly ash, slag, etc.)
.

Software Documentation

Software Quality Assurance (SQA) Documentation
EPA/LEAF Methods and QA Documentation (SW846)
Literature + internal data

Patented 24
Published methods (e.g., ASTM, SW-846)
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Software Quality Assurance — Verification & Validation

e Verification: Progressing from simpler calculations with analytical
solutions to more complex models using code-to-code evaluations

— ORCHESTRA chemical equilibrium versus PHREEQC

— Reactive transport system for diffusion of a non-reactive constituent
undergoing first-order (radioactive) decay versus analytical solution

— International benchmarking studies — code-to-code

e Validation: Compare to laboratory and/or field results

— Sulfate Attack in SRS vault concrete exposed to a high-sulfate waste form
compared to microprobe data

e Verification & Validation:

— Unsaturated carbonation monolith model verified using analytical solution
from Crank and validated using

— Saturated laboratory monolith model verified using analytical solution
from Crank and validation in progress

25
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Comparison of ORCHESTRA and PHREEQC Results
for Verification Test Problem 2 (Simple Carbonate System)

Overlay Plot
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Al corncentration {mol L)

K concertration {mol L)

International Benchmark Studies
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Marty, NCM, Bildstein, O, Blanc, P, Claret, F, Cochepin, B, Gaucher, EC, Jacques, D, Lartigue, J-E, Liu, S, Mayer, KU,
Meeussen, JCL, Munier, |, Pointeau, |, Su, D & Steefel, Cl 2015, ‘Benchmarks for multicomponent reactive transport across 27
a cement/clay interface,” Computational Geosciences, vol. 19, Issue 3, pp 635-653.
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Ratioof LKO Releaseto CrankRelease

4x4x16 cm Monolith Parallelepiped Solution
Comparisons (fully explicit finite difference)
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ORCHESTRA (o) versus analytical (--) monolith diffusion predictions
(Crank-Nicholson finite difference) for a non-reactive tracer
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e | e pCO2 0.010
Phenolphthalein pH
indication of ~8.2-10 | e pLO20.015
| - pCO2 0.0175
' pCO2 0.020
SST 241-C-107 Dome Plug | —e—pC020.024
2 5
e 55-in section removed from Tank | T*pLo20.030
241-C-107 dome in December 2010 0
« Concrete in good condition, with no 0 0.001 0.002 0003 0.004 0005 0.006 0.007 0.008 0.009 0.0]
. o depth
noticeable cracks or voids epth (m)
 Depth of carbonation was shallow, e OPC -- tank constructed in mid-1940s assumed 79% saturation (low)
~0.04 to0 0.08 in. (1 to 2 mm) from top * LeachXS/ORCHESTRA (LXO) predicted speciation and pH as a function of
surface time and depth where maximum CO, is ~2.4% in soil-gas
* Predicted pH ranges corresponding to phenolphthalein is < ¥4 mm at 65
TOC-PRES-13-3418-FP, Rev. O years for pCO, at 2.4% versus 1-2 mm observed in dome core

* Based on LXO predictions, a CO, of 1.75-2.0% would correspond to the
observed carbonation depth — reasonable value from literature
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On-going Work

Complete Software Quality Assurance (SQA) including V&V
— LeachXS including Virtual Materials

— ORCHESTRA including monolith models (Method 1315 laboratory,
carbonation/oxidation prediction, sulfate attack) followed by column and
radial diffusion models

— Thermodynamic database update (e.g., “cemdatal4”)
— Field data modeling and verification

e Examine relative effects of different extents of initial cracking

Revise scenarios to reflect IDF PA sensitivity cases and revise long-
term release simulations

Uncertainty assessment (parameter and model uncertainty)
— Improved mineral selection basis and capture as model uncertainty
— Bayesian calibration of CSH and ettringite solid (trace) solution models

Evaluating additional coupling of phenomena, when warranted

31
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Sulfate Attack Modeling Framework

Time=0
v

Diffusion in/out of lons <€

v

Chemical Reactions

\

Volume Change

I Time = Time + dt
Change in Porosity Strain
Cracking

|

Damage Parameter

v

32 Change in Diffusivity
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Model Calibration and Validation

e 7cmx 20 mm CSA type 10 cement e Porosity : 0.52
paste, porosity = 0.52, one face exposed » Calibration parameter: tortuosity (= 35)
e 50 mmol/L of Na,SO, solution at pH 10.3 and b (= 0.3)

in 30 L tank renewed every 7 days

Model calibrated with experimental results after 3 months and validated against experimental
results after 1 year (experlmental data from Samson and Marchand, 2007)

1800 , _ 3500 : 120
: T 490 i i Experiment
1600 Gaicmm profﬂe aﬂqer t year 71 400 3000 - —— Model (STADIUM) |4 400
P Y N | I T D N Rl .\ o ""' o] =
R 1400 + (Tﬁ'SO”d phaslaS) -1 -: 1l | 11 550 B —_— Todel (Present Work) 3
[3) | H | =~ e e e e T EJ
b 7. SS—————————1 | 0] 1) T (i TR e | LR 200 2 o \ i -8 2
z ] ! ! : ' -+ 300 £ £ ‘ £
% 000 Lo B e 3 2000 1 --Sulfur profile .| s
g i . pAlER ke ok e el ahin i L 250 S L -+ 60 8
2 | £ 2 . after 1 year ol -
I o N Rt s 1200 3 3 1500 - D] R e G F i A Sy g
& o N L L 3 g | (in solld phaseS) o 3
S - | T 4150 S S [ T
5 | . T £ 1000 +------- i T o 12 SRR R 5
400 )Y Experiment ~+ 100 + H
200 ——Model (STADIDM) | | o 500 4 MU I oo n s e aanssrenoins SURNENEN: e
1 N N Model (Present Work) ! Akt . .
0 — 0 0 +44 ; , . ; 0
0 6 8 10 0 2 4 6 8 10
Position (mm) Position (mm)
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NRC -- SULFATE ATTACK COMMENTS
AND CONCERNS




SULFATE ATTACK--PARAMETERIZATION




SULFATE ATTACK -- HOMOGENIZATION




