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Barrier Roles in a Re*posit0ory Systemr
G Mechanical Barrier

Resist external stresses
o Load capacitylstiffness
o Compliant with local tectonic displacements
o Resist or diffuse impacts

Permeability and thermal conductivity

o Geochemical Buffer
- Decrease corrosion "of Waste: packa*ge acrO-mponents

oElectro•hemcal a"d••tpoH cnt ol
oSuppreIs-s aggressive ý,radiolysis .Prodj.uctS.

o PassiVate surfaces,
- Reduce so ubility obf key nuclides.
- Steer contAct metaamaorphosis to beniog phases

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Seque, nSeq, qen.e in

E-

.0 5 307 6 7 12 7 28 S0/,

Age: Minutes Hours Days

I. Soroka,. ortlandCe ment Paste
andA Concrete, -CuhemicalPubishing

Co., 1979

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY.

Dormant period 44 Setting ! Hardening
J

UT-BATTELLE
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Evolution ,of. the Cem ent wIth Time

Com~plexa aumina-silcates with fine-
te xtured I'eral phasesrand large fraction
of Amo'rp'hous hydrosilicate phase, both of
w dhc'h lowly ,undergo diagenesis

0 Matrixcom"ponbents leach at different rates
and liýresultsin a complex series of solutionn ' • n Q '.,XA;IIT'] ri ," v_ ,•,, o%, 4 •, -,, 0% ,',----,:10-uo,".utv,A@sh A. - .'

react ., . .I, W! ,%,-,,, , , UJOlC I IL LU LIlM
s u rfa ce wi thn .repreci p itat io n

OAK RIDGENATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Materai Choices to Mitigate WasteConStituents. and Groundwa ter

......... : ... ... teo rm Pypes

C hoices of, cement ypes

* Choi'cesofadmixtures to, control wasteformphysical and .chemical properties

- Pozzolanic silicates
o Reduce CalSi ratios
, Reduce AI/Si ratios.

*,,encfrm,-,kH+, I % f'r n o = ^I- _A_-...... ~~~ ~ ~ ý 12..%... . ' " '•'''" ' y 'Dv 2•4 I%1 y ;tI;)

o I•nc•rease HD-CSH and lower LD-CSH

I ncreaSe internal ion exchange capacity
- Effect reducing conditions (Eh/pH regime)

OAK RIDGE NA7TIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



C C C

Formulation f Grouts to Prevent Ca(OH)2

JUCAU No FreeHydroxide -------.

(Portlandite)

*J ' ,Ppizola

I C,

_ Pozzolan F AS

Se tn 'A

. ..LIM . . .+ . .. . . . .. .

'.4, ":., ,, , . c~•'c'A Ah

Sa. A /, ... . , ,

* A, t p. • p p

A.,• ,,• A.,, • LMN

LiME CaO + MaO

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



0• C C C-

Resuits. of siica reactivity te"sts dentify fo ulae
that balance the suppresson. of calcium hydroxide
With culOngr medac on rates-

%,Ca(OH) 2 'consurmmed based on theoretically available Ca(OH)2 t-4-*BB-25-40-30-5

0

105

95

85

75

65

55

-- CC-30-35-30-5

--- DD-35-40-20-5

--- EE-35-30-30-5

HE FL-40-30-25-5

--4-- FH-40-30-22-8

-- ' GL-45-25-25-5

- GH-45-25-22-8

- HL-50-25-20-5

- HH-50-25-18-8

45

35
10 33 53 70

Time, days

Nomenclature: 30-35-30-5 (30 wt% OPC Type V, 35 wt% BFS, 30 wt% FA and 5 wt% SF)

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY. UT-BATTELLE



C C
Dewateri ng and Changes in CSH
ackngensity

ci

N

z

1

0.95

0.9

0.85

0.8

0.75

0.7

0.65

0.07
CH Dehydration

In . 0.00

* -0.14 A

-0.21
CI

-0.28 C)

• -0.35 .

-- 0.42

-0.49
300 400 500 600 700 800 900 1000

0.6

M.J. D~ejoni"•dF-S. imp
"The Nanogranular, Behavior
of C-S-H at Elevaed•
Temperatures (Up to 700C),"
Massachusetts, Institute: of.
Technology, Cam-bridge MA,
February 14, 2006.

0 100 200

Temperature [Degree C]

Figure 1: Results of thermogravimetric analysis (TG) on w/c = 0.5 cement paste: The nor-
malized mass determined by T'G (continuous line) is in excellent agreement with manual mass
loss measurements of the specimens used for indentation (discrete points). The derivative of the
weight loss (labeled 'weight loss rate') shows the characteristic C-S-H and CH dehydration.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



Dewateingansd Change en CSH
Packi ng: .Density (Continued)

C

C.)

d~)
I-

0.0014

.0.0012

0.0008

0.0006

0.0004

0.0002

0
0 500 1000 1500 2000 2500

Indentation Hardnessq.k r(mPa]

Figure-3: Frequency plots of indentation modulus and indentation hardness with fitted Gaussian
curves for low-density (LD) C-S-H, high-density (LID) C-S-H, and Portlandite (CH). The decon-
volution was carried out for a bin size of AM = 2.5 GI'a and All = 110 MPa.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-SATTELLE
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De watering -wand, Changes in CSH
Pack!ng D'ensty(Con-tinue

0.75-

0.7

0.65 -

Ud

-0.6

0.55.-

0.5

[ LD C-S-H
-- HD C-S-H

100 200 300 400 500 600 700 800

Temperature [°C]

Figure 11: Packing density as a function of the exposure temperature determined from a reverse
analysis of the micromechanics model (for v,8 = 0). The broken lines represent the limit packing
density values: 7 LoD • 0.64 and 77HD - 0.74.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Cured :Hgh-Si 11ca Cements prevent
Afterations and Water Loss from
Concretes.

Relative
Free

Energy

F.P. Glasser, S.-Y. Hong,-
Cement and Concrete.
Research 33 (2003) 271-279

Time-

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



C C

increasing S. ica in Cement.
Increases Si.0ca in Leachates

C

2.5,

, 2.0

C, 0.d
i- 0.5

0.

* High Ca/Si ratio gels

o Low Ca/Si ratio gels

- Leaching model

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Calcium-silicon ratio

1.4 1.5

Harris, A.W., M.C. Manning, W.M..Tearle, and C.J.'Tweed, Testing of mo
the Dissolution of cements-leaching of synthetic CSH gels, Cement and-
Concrete Research, 32, pp 731-746, 2002.

OAK RIDGE NATI0NAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-

dels of.

-BATTELLE
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ighm-Siica Forces Formation of
Dnsoilube Uranu silicates

-2

" soddyitoN

amorph us silica
----- --- ----------

-3•
•A

0:.

-7

-8

A' uranrophane

* (mota)schoep
be cqd'bclio

! ; *-
5~~*

-to

I I

4• 6 a 10 12 14

log [Ca2 J/[H1]2

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY' UT-BATTELLE



Sificates`:Form a Dense DfifuSion Layer on
the Suiface ofE U0 2 even un er Oxidizing
Conditionsh

•!, mmiu Vault envlrot~ment

j!' g -gl•z HO
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C C

Principal U(VI) Compounds
Values of AG'f 98 for the U(VI) minerals used in the construction of Fig. 7 (Chen 1999)

C

Uranyl phases Forimula kJoule/mola kJoule/molb

Metaschoepite [(U00),0(OH),21*(H 20)1 0  -13,092.0 -13,092.0

Becquerelite' Ca[(UO 2) 60 4 ( OH) 6 1*(H 2 0) 8  -10,324.7 -10,305.8

Rutherfordine Uo0C03  -1,563.0 -1,563.0

Urancalcarite Ca2I(U0 2),(C0 3)(0H) 6I*(HO)3 -6,036.7 -6,037.0

Sharpite Ca[(UO 2)6(C0 3)A(0H) 41*(H20)6  -11,607.6 -11,601.1

Fontanite Ca [(U0 2)3(CO3 )41*(H2O)3 -6,524.7 -6,523.1

Liebigite Ca21(U0 2)(C03)31*(H 20)i, -6,446.4 .-6,468.6

Haiweeite Ca2[(U0 2)2 (SiO')31*(HzO)5 -9,367.2 -9,431.4

Ursilite Ca41(UO2)4(Si 2Os)s(OH) 61*(H 20)i, -20,377.4 -20,504.6

Soddyite 0[(0 2 )2 SiO 4l,(H 20) 2  -3,653.0 -3,658.0

Uranophane CaI(UO2)(SiO 3Olt)12*(H20)5 -6,192.3 -6,210.6

aChen 1999 bFinch 1997

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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ASTM C 1550 Round Panel Test
: -LOAD-DEFLECTION DIAGRAM, ROUND PANEL TEST

C

4U

.1
If

30

.~20

( '"U

'-

60 kglm 3 Steel Fibre

9 kglm 3 Synthetic Fibre

Area (under curve)=
--Adsorbed-Energy-or

Fracture Toughness
4x 88 es

v

10o'

0
10 20 30 40

Central Point Deflection (mm)

OAK RIDGE NATIONAXL LABORATORY
U. S. DEPARTMENT OF ENERGY , UT-BATTELLE



C C C
assues with Accelerated Aging at IElevatedi
Temperatures• to Test LongTerm Durability
when ;Reaction, Pat:hS Change;

lO0°C for 10 minutes Boiled egg

25C fr2dasChicken

15°C for 60 days Rotten egg

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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IFormati•o n, Energie 'Of. Phas~es That
Can Form in Aging Cement Pastes

PrOduct At 259C At 1OO0 C

Hille bran dite -2.42, -1. 60
Ca6Si30 9(OH) 6 _

Afwiilit; ,e, +3.94 +6.82CS , W(OH)_

Xonotlite..- -0.42 +0.49

C -a-6SjO 17(02-H) _ _ _ _ _ _ _ _ _ _

To bermorite -1.38 +0.18
Ca 5Si60l 6(OH)- 24(H20)

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



*C C C

issing Links Bet een Studies ofAnc, ent Cements and Laboratory
Tests

SMasstransfer. coupleh•• cerm dynamic model

ermodynamic" data missing

N 0;Need for models for metastable. intermediates.
trapped byý diffusion-controlled metamorphisms

Microprobe ý.,analytical tools to. see start of
p ha se' d t ransi ti o n s

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



C c C
Future Studies Anthropogenic and Natural
Analogs to Addtess urabIlIty

oAnthropogenic for 2000 to 6000 years
G Galo 6-' Robman
Nabatean e(6,000 yers)

0 Natural for over.1.0,0000's. to, ,00,0s.-year'
Million-yeariold -natural samples from sanidinite-facies metamorphic
rocks' in MarbleCanyon, Texas.
-aHatrurir formation iln Israel. These formations contain many of the

same, phases lthat: fOrm in high-silica cements. For example, the
min'rals are natural analogs for the common cement-clinker phases"alitCe (ca 3sio5,C3S) and "belite" (Ca 2SiO4, C2S).

Sc7wt HillNorhern ireland, occurs in a region With high
pr ecipitaton.- , :--
Th'ese ceme nitious analogs and their alteration products
provide: the 'opportunity to study transport processes and
mineral metamorphisms on geologic time scales.

OAK RIDGENNATIONAL LABORATORY
U. S. DEPARTMENT oF ENERGY UT-BATTELLE



C C
Missing =inks Between Studies ofAncien't iCeme nts a nd La bo ratory Tests

o Mass transfer coupled thermodynamic model
- Therm Odynpami.,c data missing
- Ne .f..or. model. for metastable intermediatestrappedby~~ diffusion-controlled metamorphisms

Micro probe analytical tools- to see start of
ph a's t•ransitions

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY 

UT-BATTELLE



C c C

Scanning tranSmissiOn electron
microscope (STEM) :images of U
minerals .•.

OAK RIDGE NATIONAL LABORATORY
U. S..DEPARTMENT OF ENERGY

and Ti-

UT-BA'TELLE



C C C
M105: AOF M"AMMU r WMIFA- UAMr- M1,on ___

ISecondary ion mass spectrometry
- is one of very few methods that

provides highly spatially resolved
-"(a.few micr6ns), in situ chemical
and iso . topic analysis of solid
materials.

Na-fel•:;//:•200 M

Ta)

Ion imaging can provide details on the chemical
modification' of solids interacted with water.

°b)'ýR"

OAK RIDGE NATIO0-NAL LA'0"BORXTORY*
U. S. DEPARTMENT OF ENERGY

dspar reacted with 1sO rich 2 m KCI at 6000C,
Pa fo0r 6d; note 180 rich hailo penetrating solid.

ANIAM

(18 0-rich

V
'80-poor

UT-BATTELLE



*C C
Assessinrg Leach Pert r Riance• at
Hydauic xre e

o QuaSi-static flow :(episodic saturation.)
- -Solubili. ...ty, co".._ .=,n tn rol• ..

- Ion ' ' ' • ' 'hl " 1nexcha '_,•"....nge" equilibrium':" •
:--SOurCe-term = Csat x Flow- •.

* Dyinamic (~m onolith 'permeability <11100 soil)

-Avtonof saturated groundwater'
- ,• '.'• , . .'.•.,Release to groundwater limited by diffusion.
...With~in :the monolith
,Source-term A0 dfsontmI/.

C

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATI ELLE



c
A Rela'tvely mpermeable, Mono11th
Has no .Advection""

A Differential Permeability of 100 Times Ensures that Saturated
Flow, By-Passes the Matrix

Native Sois With
a Perm'eability of0-5 cmis :

C

Saturated: Fow h.t a~j Permiieablifltyb!

*j.

7

OAK RIDGE NATIONAL-LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Onset qof Geometric Model at FC>0.2
Nestor, C. W.,Jr.,;Diffusionfrom Solid Cylinders, ORNL/SDTM-84, Lockheed Martin
Energy Research Corp. ak Ridge National Laboratory, Oak Ridge, Tennessee, January 1980.

rQt(J0i(j),j)' De effective diffusion coefficient, cm2 s-1

j :a = cylinder radius, cm
aj =jh positive root of a zero-order Bessel function [J0(m)]

L = cylinder half-height, cm.

Diffusion froma Cylinder:

-t]

4.L'
32

FC(t) 71-

2 2
.- a iij (2.n - 1)2-(aj)2

FCt2) = 0.223 F S(t) ikt > t2 5 F C(t) 5 Fl(t)) F .:= F ti) FI1:=FJti)

UT-BATTELLE
OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY



C C C
CURIE RELEASE FROM W9 MONOLITH as Sr-90

ontrofled.Re-le"ase..
o f. , . .":

Nononitlhlow'. -

Fraction
Released
•F3 0  0.091

F 30 0 = 0.303

F500 = 0.379

Radioactive
Decay Factor
DF 3 0 = 0.5

DF = 9.766 x

0.8

ýdioactive
ca y

0.6 1-

DFi

10-

0.4 imetry

0.2

0

speciqe effects

ýhl00 years a d 10
.'half-lives this 'elease
I ftaor is reduced by 1,000

nearly 50 hf, vs o
the Gamnemitea

wre-sen-ts
ff-fives for
'emitters.

th

I *
DF 500 = 9.612 x 10-6

0 100 200 300 400 500

i
years

Combination of Decay and Diffusion Controlled
Release

Decay Fraction X

Release Fraction

DFo.F30  = 0.045

DF*0.F 0 = 0.02

DF 150 -FI 50 = 7.047

DF 300 -F300 = 2.955

DF i" Fi 0.05

I0- 3x

-4
o

100 200 300 400 500

years

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Saturation

OH-,0 CO 2-

HCO3

First Mineral

Fe 2+, Fe 34 ,
Ca24 , Mg24 ,

SiO 4 - A10a3-

C
0

.00DUo

a)
E
.a)
w
0)

Second Mineral

Volume

Time
OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



C C

Con C1 us'ons About Leach Testing

Sholt-term leach testing is conservative IF:
-TeSt, doesn"O al low for the effects of ndary

Miherals'", :wlhichl"".
*Arehighly Selr ective forcnta minant s peciesp o'e i ve dffr '

o Forms protective diffusion surface barriers

- The monolith matrix is relatiVely stable. in the

geochemistry of the disposal horizon
o :,Shares same regions of the.geochemical stabilityfields
° ,Has similar SiO 2-AI20 3 composition ranges

Ultimate mechanisms of leaching, alterations, and
weathering are controlled by solid-diffusion rates

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Generall ý,Concqusoons

o There ̀ is a great body of knowledge on how to
formuate a em enti tio••sU'S waste forms to process

4' Ia solId IawaSLes'.rom across the DOE
complex.

The'e is disagree ent on how o measure andmodel 6OUrce-terms for the leaching for lidesd.so rm or r nuc e

into the near-field transport models.

T h ere is. n coordinated effort to reconcile
measured waste form performances with
accei erated testing and: natural/anthropomorphic
analogs.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Mod Nn Lono-Ter Dura D.ty ofCe' entitioe rs(LBNL)
m ew' . .- 1 ul" .a' 

ril•

*Tasks'
-Critically evaluate thermodynamic and kinetic

data relevant to silica-rich cements
De.v"elop mOeso-scale models to describe.Dcompetlingcarbonation and hydrothermal
alteration in the matrix and fine aggregate of:cementitious materials as a function of T, relative
humidity"an PdCo0 2

-. Model repository-scale alteration of-emplaced
cementitious materials following closure for.
period s,,up;to 10,000 years

OAK RIDGE NATIONAL LABORATORY Carl Steefel and John AU. S. DEPARTMENT OF ENERGY UT-BATTFELLE
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C eInt, 0,us Mat0, atris (LBNL)
o Near'-Term Plans

- Modify rTOU.G H REACT to model -cem
agingat elevated temperature'..

-Builda ameso-scale model to simulate
ce en~t,,.carbonation, and:calibrate mc
against reported field observations

3nt

del

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Carl Steefel and John A.
UT-BATTELLE



C C C

cem®'' UtI iUS aterials (LSH)-

* N ea' r-`Te rmo. P• I a ns
-Modify TOUGHREACT to model cement

aging .at elevated temperature.
-Buildameso-:scale model to simulate

cement carbonation, and calibrate model
against'Ireported -field observations

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT.OF ENERGY

Carl Steefel and John A.
UT-BATTELLE



C C C

LBNL and ORNL to Examine YMP
Heater Drift Specimens

e Obt'ain asub-set of cores and achieved
Spe imens from YMP Heater drift to besplit between LBNL and ORNL

M."i•!c•roscopic examinations to benchmark
.phase .modeling and laboratory
observati ons.

o LBNL has submitted testing plan

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE



Current capabilities to predict the

conditions and processes important to

cement failure: Computation

Edward J. Garbocci

Malerials and Construction Research Division

Building and Fire Research Laboratory

Natonal institute ofStandards and Technology
ALOW7/13,M

Discussion of current capability to
predict the conditions and processes

important to cement failure, and the

effect of failures on cement
performance, based on computation

NIST Inorganic Materials Group

Provide scientific and technical foundations for
performance-based selection and use of concrete

- improved materials science basis for accelerated "

tests and performance-based standards

* Complexity of concrete problems demands

computational materials science
- validated computational tools for industry and

government

I



Definition of problems

" Time scales

" Structural complexity

Shorter time scale

* Low transport property barrier structure
- Higher structural complexity (e.g. new nuclear power

plants)

- Lower structural complexity (e.p. low-level radioactive
waste isolation)

* Should remain crack-free. immune to usual
degradation processes over 100-300 year time
span

* Must also remain resistant to anv' other chemicals
that might be in the waste (e.g. WIR, spent fuel
pools)

* Prediction is not an easy problem

2



Longer time scale

* Longer time spans - concrete must continue
to function as physical and chemical
containment
- Must avoid usual shorter-term degradation

processes
- There are ways to make progress on this (later)

- Prediction is even harder than in the shorter
time scale case

General problem of
cement-based materials

" Why is prediction difficult?

" Formation, properties, and degradation are hard to
compute for any time scale, using basic science,

since they all involve the complex interplay of:
- Chemistry
- Microstructure

- Micro-mechanics
- Cracks

Example: Formation

* Hydration induces chemical
shrinkage (products take up less
space than reactants)

* Chemical shrinkage results in air-
water menisci (self-desiccation)

* Menisci induce tensile stresses Q
*Tensile stresses induce cracking
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Example: Degradation

* Alkali-silica attack - alkaline pore
solution reacts with amorphous silica
in aggregates, produces gel that can
swell and cause cracking in
aggregates and cement paste

* Introduction of fibers near aggregate.
paste interfaces can reduce cracking

and change kinetics and products of
ASR reaction (Ostertag, Berkeley)

Example: Cracking

" Predicting change in transport properties due to
cracks is possible, provided that the cracks can be
characterized spatially and topologically

" Predicting the occurrence of cracking is harder,
much better to prevent in the first place
- structural design

- concrete mix design

- proper curing

Alleviate cracking

• Internal curing
" Supply water reservoirs inside the concrete, which

can be drawn on when local supply of water runs out
" One example - water tied up inside porous fine

aggregates (sand)

2-0 image with water

e evacuated
epregio (pores)
overlaid on

ori ginal mona,
microstructufr

(4.6 mm by 4.6 mm)
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Mineral Admixtures

" A monkey wrench?
- fly ash, blast furnace slag, metakaolin. silica fume are

very common these days
- their reactions and interactions are not well-understood

" Used to deliver (usually successfully, if no
additional cracking) many things, including low
permeability, low heat of hydration
- tend to ameliorate usual degradation mechanisms
- also tend to lower pH of pore solution, so trade-off with

cements containing no admixtures
" Internal curing probably more important with

mineral admixtures, as chemical shrinkage is greater
than with plain portland cement (Bentz, NIST)

Predicting durability/failure
from first principles

" Need to correctly predict:
- transport and reaction mechanisms
- interdependence of material microstructure and

properties (transport and mechanical) and how both
change with time

- expected service environment
- relevant thermodynamics

" Predictions must be accompanied by the results of
valid accelerated tests

NIST current capabilities in prediction

- Highlight is the VCCTL = Virtual Cement and
Concrete Testing Laboratory
- use known physics, chemistry, and materials science to

develop predictive models of properties and performance
- role of experimental materials science

- role of computational materials science
- focused mainly, for now, for predicting current properties
- intent is to be able to use for durability in the 50 year to

100 year time frame
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M BASF Mlaster,, .- -... lBttihd'Ts

Chemical admixture.

AL.10

A-vregate manufacturers

Ready-mixed

VCCTL partners

(2P ,,Oescwh,.s...

ATILH

I Cement manufacturers

Database6 Build Microstructurie

Hyidration Analysts

I ransroort Pmeertie

Mechanical Eroperties Pegradatio,,

Some current prediction capabilities

" Hydration - microstructure formation -
chemical interaction

" Rheology

" Micro-mechanics

" Transport

" Thermodynamics

" Accelerated durability tests
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Change in models

* Current cement hydration model is rule-based
physical model but with rules based on chemistr%

* Now working on a true chemo-physical model -

ItvdratiCA

* Note: working with admixture companies

- lots of experience with inorganic and organic chemicals
interfacing with cement chemistnr

- applications to "din'y" cement?

7
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HydratiCA
6Object-oriented approach (C4+ )

6tAIgorithms designed to model
reaction-transport equations

&I'Third-generation hydration mode
,.eReal kinetics

Derived Material Classes

bs Material Class
Bas e .

iS.ao9.huoo p. II. C*.• Mt g K.. po~soly.
SObty w&? e o eho• p,.o@ M. o.~Ca-.p'o,€ Mo

NodeS Cla

}
Maea Datbase Class

Reaction Database Class

*ID.0.ctw od.~.f
W-h-O.-sMpy bsU.

Ion DatabsO0.Se Class 05.5

"A-void-ing" voids in new concrete

" Rheology - viscosity and yield stress

" Measure experimentally
" Predict computationally

" Modern drive in rheological research in
concrete has been self-consolidating
concrete
- ideal for heavily reinforced structures

Concrete rheoloi

Simulation and in
of ihe mixing, flob
consolidation pro

4a rele i

w. and
Ces
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AMicro-displacement in concrete

" Many different mechanisms:
- Alkali-silica reaction (aggregate expands)
- Freeze-thaw (paste expands, somnetfimres aggregate

expands)
- Sulfate attack (paste expansion)

" Common to all mechanisms:
- Tensile and cotnpressive stresses are set tip due to

differential expansion/shrinkage between phases
- Distribution of tensile stresses drive cracking

9
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Transport + reaction + degradation

* Transport via concrete pore solution - a nasty problem
- High ionic strength
- High pH (10-14)
- Many chemical species

* Full problem is coupled problem:
- Transport + reaction + degradation -+ change in transport

properties via changes in microstructure
* Requires a physico-chemical approach: 4SIGItT

Concrete performance assessment

S4 SIGHT - trying hard to avoid empiricism
- model of transport and reaction in concrete pore solution
- flndamental physico-chemical treatment of concentrated

ionic solution
- can accommodate many ionic species
- can predict onset of severe degradation
- not a model of mechanical faiture
- can be systematically extended to:

* radionuclide chemistry
* other species like boric acid
* surface complexsation

Refs: KA. S•.nvr ti al.. Cen.. ( IRes. 3. 'V3 (2003): KA. o./ter. Gio-c.
S'i. ••g. 3.216 (200): K.A. .Snkr ivJJ. Mitrc'kawa. Cem. C.t'. Bie.%.

31.183- (2001).

Thermodynamics

- A possible experimental approach for simulating
longer-term problems:
- determine, thermodynamically. what crystalline C-S-H

phases there will be at advanced ages ( > 10 years)
- synthesize in laboratory and measure properties (e.g..

binding of radionuclides)
- we are presently synthesizing some of these minerals

Note: oil well cementing people work at high T
and P, where crystalline phases form instead of
metastable amorphous C-S-H - can we make use
of their experience?
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Current "accelerated" durability tests

" Lots of standard durability tests
- most purport to be "accelerated" tests

- acceleration is totally empirical

" Typical test
- make bar and drop into bucket of concentrated "bad stuff'

- measure length change every so often

- after six months, do for another six months because answer
is not clear

- repeat (endlessly)

Start of a more correct procedure

- Development of an accelerated sulfate
attack test (in collaboration with PCA)
- small samples and controlled environment
- factor of 3-5x time faster ihan old method

- still empirical acceleration but with SEM
investigation of mechanism of
chemical/microstructural attack

1I



The way forward for durability

Radionuclides and compounds like boric
acid should be handled in a similar way
- enumerate possible reactions

- use SEM to quantify microstructural effects of
degradation products

- add binding chemistry measurements
- correctly accelerate degradation mechanisms
- use small samples, high throughput

Research needs

* Further development of HydratiCA. add information
on ionic species of interest to radioactive waste
containment problems

* Further development of 4SIGHT, eventual unification
of 4SIGHT and HydratiCA

* Fundamental research needed on properly accelerating
correct degradation mechanisms
- mechanistic research needed
- research into complex chemistry of MVIR applications

* Experimental measurements on properties of cement
pastes composed of thermodynamic endpoints of
C-S-H. eventual computational modeling

Sumnmary

- Combine
- prediction tools based on carefully characterized

materials and fundamental physics and ceternistry and
thermodynamics

- materials-science based standatd.s experiments using
small samples, controlled environment, acceleration of
correct mechanisms. crystalline "C-S-4I" fonns

Produce
- accurate predictions of the durability of cenentitiots

materials
- long term durability prediction for NRC
- predictable datrability for concrete indutstrr

K..,;
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